
e)z
c

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE4143

DEVELOPMENTOF A PISTON-COMPRESSORTYPE LIGHT-GAS

GUNFOR THE ILAUNCHINGOF FREE-FLIGHT MODELSAT

HIGHVELOCITY

By A. C. Charters, B. Pat Denardo,
andVernonJ. Rossow

Ames AeronauticalLaboratory
Moffett Field, Ca15f.

Washington

November1957

z“
=



TECHLIBRARYKAFB.NM

1s NACATN 4143

TABLEOF CONTENTS

SUMMARY. . . . . . . . . . . . **=****=
IN!I!RODUCTION. . . . . . . . . .. =***=.
SYMBOLS. * . ..*..*..* ● ..**=.*
DEWRPTIONOFGUN . . . . . . . . . . . . . .

BasicElementsofLight-Gas-GunOperation
ConstructionDetailsof theLight-GasGun
OptimumDesignConsiderations

ANALYSIS. . . . . . . . . . . . .
BasicConsiderations. . . . .
LaunchingCycle . . . . . . .
Pwq3ingCycle. . . . . . . .
PerfomsnceCharts. . . . . .

FIRINGTRIAM. . . . . . . . ● . .
Calibrations. . . . . . . . .

.

.

.
●

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

.

.
●

✎

✎

✎

✎

✎

.
●

✎

✎

✎

✎

●

✎

EhrperimentalApparatussndMeasurements
ChronologicalAccountoftheFirings. .
SummaryofResults. . . . . . . . . . .

CONCLUDINGREMARKS.0 . . .0. . .* .=.

●

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

.

.

.

.

.
.
.
.
.
.
.
●

✎

✎

✎

✎

✎

●

.

.

.

.

.
.
.
.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.

.

.

.
●

●

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.
●

☛

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.
●

✎

✎

●

✎

✎

✎

✎

APPENDIXA:lZE!FECTSOF~RESISWJNCE ANDBOREFRICTION
APPENmxB: kK)DIFICATIONS!lX)PEIU?ORMMCECHARTS . . . .

EffectofChsmberageonLaunchingCycle . . . . . .
EffectofPumpPressureOverride. . . . . . . . . .

.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.
●

●

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

APPENmxc: COMPUilWIONALPROCEDUREFORPERFORMAWEOF PISTON-
COMPRESSORTYPELIGHT-GASGUN. . . . . . . . ● . . . ● ● ● .

REFERENCES. . ● . . ● ● . . . ● ● . . ● . ● ● ● . ● ● . ● ● ●

TABLEI. . . . . . . ● ** . . . . . . ● . .Q ● ● ● . ● ● ● ●

mKBIJzII. . . . . . . . . .*. . . ● ● ● *. . ● .- * ● = .
FIGURES1THROUGH29. . . . . . . . . . . . . . . . . . . . .

.

.

.

.

.

.

.

.
●

✎

✎

●

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

Page
.
.
.
.
.
●

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

●

●

●

✎

✎

●

●

●

●

●

1
1
6
9
9

13
16
16
16
20
24
34
35 ‘-
35
37
40
46
47
48
49
49
52

58
62
64
65
67

b



NATIONALADVISORYCOMMIm FORAERONAUTICS

TECHNICALNOTE4143,

DEVELOPMENTOFA PISTON-COMPRESSORTYPELIGHT-GAS

GUNFORTEELAUNCHINGOFFREE-FLIGHTMODELSAT ~

HIGHVXLOCITY1

By A. C. Charters,B. PatDenardo,
andVernonJ.Rossow

SUMMARY

RecentinterestInlong-rangemissileshasstimulateda searthfor
newexperimentaltechniqueswhichcanreproduceinthelaboratorythehigh
temperaturesandMachnumbersassociatedtiththemissiles’flight.One
promisingpossibilityliesin free-flighttestingoflaboratorymodels
whichareflownatthefullvelocityofthemissile.Inthistypeof test,
temperaturesareapproximatedandaerodynamicheatingofthemodelis
representativeofthatexperiencedby themissileinhigh-vel.ocity flight.

A primerequirementofthefree-flighttesttechniqueisa device
whichhasthecapacityforlaunchingmdels atthevelocitiesdesired.
In reqonsetothisneed,a gunfiring13ghtmodelsatvelocitiesup to
15,000feetpersecondhasbeendevelopedat theAmesAeronautical
Laboratory.Thedesignofthisgun,theanalysisof itsperformance,
andtheresultsof theinitialfiringtrialsaredescribedinthispaper.

Thefiringtrialsshowedthatthemeasuredvelocitiesandpressures
agreedwellwiththepredictedvalues.Also,theerosionofthelaunch
tubewasverysmallfortheelevenroundsfired.Theperformanceof the
gunsuggeststhatitwillbe a satisfactorylauncherforhigh-velocity
free-flighttests.

INTRODUCTION

Withever-increasingspeedsofflight,itis clearthataerodynemic
heatingwillbe oneofthemostdifficultproblenEto solveinthedesign
ofa high-speedmissile(seerefs.land2]. Thecompressionoftheair
dueto thehighvelocitywillraisethetemperatureoftheflowoverthe

- missilethousandsofdegreesandwillgiveriseto correspondinglylarge
ratesofheattransfer.

d %persedesNACARMA55Gl_lby A. C.Charters,B. PatDenardo,and
VernonJ.Rossow,1955.
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Thedesignersdifficultiesarecompoundedby a lackoflamwledgeof
theaerodynamicsoftrulyhigh-t=nperatue,high~h n~ber fl~s. me
extensivebodyoftheoryforsupersonicflowmaynotbe toomuchhelpin
thepresentcasebecausemostofthistheoryisbasedontheassumption
thatfluidpropertiessuchasviscosityandthermalconductivityarecon-
stsmtor,atthemost,changeslowly.(Seeref.3.) Thetemperat~esare
sohighthatthephenanenonofdissociationmaybe ofimportanceandthe
physicalpropertiesoftheairmaychangeby ordersofmagnitudeinnarrow
regions(i.e.,in.theboundarylayer).Thetheoreticaltreatmentofthis
typeofflowcanhardlybe consideredadequateatpresent(seerefs.4,
5,and6). Evensuchfundamental.quantitiesastheReynoldsnumber
oftransitionfromlsminarto turbulentflowin theboundarylayerare
largelya matterofconjecture.

Themeansthatthedesignerwillhaveto taketo coolthemissilemay
inthemselvescomplicatetheaerodynamicsoftheflow.Forexsmple,one
methodof counteractingtheaerodynamicheatingisto allowthesurfaceof
themissiletomeltor sublimeduringtheflight,therebybalancingthe
heatinputwiththeheatoffusionorvaporizationofthesurfacematerial.
A difficultymayariseintheuseofthismethodbecausemsnymaterials
combinewithoxygenandmayburninsteadofmeltingor subliming.If
burningshouldtakeplaceintheboundarylayer,theheatof combustion
wouldaddtotheaerodynamicheatinginsteadof counteractingit. This
possibilitycannotbe predictedwithanydegreeofcertaintyfrcxnthe
presentstateofknowledge,andthesuccessorfailweoftms =d other
methodsof coolingwillundoubtedlyhavetobe determinedby experiment.

Thereis clearlya needforexperimentscarriedoutunderconditions
representativeofhigh-speed,high-temperatureflight.ItwilJ_be appre-
ciatedthattheccbinationofhightemperaturewithhighflowvelocities
makesitunusuallydifficu2ttoproducethecorrectconditionsinthe
laboratory.However,onepromisingapproachiStoextendthe*st rwe
oftheclassoffree-flighttestfacilitiesdescribedinreferences7
and8. Themethodoftestinginthisclassoffacilityisto launch
a modelatthedesiredvelocityandallowittoflyfreelythrougha long
testchamber.Recordsof itsflightaretakenduringitspassagethrough
thechsmberandtheaerodynamicquantitiesofinterestarededucedfrom
theserecords.Ordinarily,mostoftherecordsaremadeexternaltothe
modelby apparatusplacedinthechsmberalongitstrajectory.Despite
thefactthatthemeasurementsareindirect(tiag,forexample,being
determinedfromdeceleration),thesefacilitieshavebeensuccessfulin
obtainingreliable,accuratemeasurementsofmanyaerodynamicquantities,
as csmbe seenfrcmreferences7, 9, and10. Itappearsentirely
feasibleto extendtheregionoftestinginthefree-flighttestfacility
tovelocitiesof 10,000feetpersecondandabove.

r

“*

Inviewofthepossibilitieswhicharelatentinthefree-flighttest ~
facility,theAmesLaboratoryhasstarteda programtodevelopthisfacil-
ityintoa newresesrchtoolforexperimentationin theaerodynmnicsof v
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high-speedflight.Oneoftheprimerequirementsofthenewfqcilityis
a launchingdevicecapableoflaunchingthemodelatfullflightvelocity.
Ifthecorrectconditionsoftemperatureandairflowaretobe produced
intheflighttests,itisnecesssrytoflythemodelatthessmevelocity
asthefull-scalemissile,sincethehightemperatureistheresultofthe
highvelocity.Theresultsoftheexperimentsmuststillbe interpreted
inthelightof scalinglaws,butthetemperature,whichiSthemostfif-
ficultquantitytoreproduceinthelaboratory,tillhavetherightr-e
ofvalues.It isclearthattheproblemwhichmustbe solvedat theoutset
ofthisinitialphaseisthemethd oflaunchingthemodelsat thehigh
velocitiesrequired.

Thelauncherin commonuseinthesefacilitiesis a gunwhichuses
thestandsrdmilitsrytypeofnitrocellulosegunpowder.Infact,thew
isnormallya militsryweaponwhichhasbeenmodifiedtomeettheparticu-
lardemandsofmodellaunching.TObe ofuseinthepresentcase,the
maximumvelocityofthelaunchermustbe asgreatastheflightspeedof
missileshavingvelocitiesof20,CXX3ft/secormore,sincelong-r-eb~-
listicmissileswillre-entertheearthtsatmosphereatnearlyorbital
velocities(26,000ft/secorgreater), (refs.1 and2). Thisvalueis
morethantwicethemsximummuzzlevelocitythathaseverbeenobtained
froma militaryweapon,eveninlaboratorytests(around10,000ft/secis
thehighestrecordedmuzzlevelocity).A studyofinteriorballistics
madeby theauthorsshowedthatitwouldbe difficulttodesigna gun
givingtherequiredmuzzlevelocityof20,000ft/secaslongasnitrocel-
lulosegunpowderswereusedaathepropellant.

Nevertheless,a gunhasmanyattractivefeaturesasa launching
device.Thetubecontainsthepowdergasesandthereisnoheavyrocket
motorto jettisonat theendofthelaunchingrun,u wotidbe thec=e
ifa rocketwereusedto launchthemmlel.Themuzzlevelocitycsmbe
changedeasilyby changingthesmountofpropellantused. Thelengthof
launchingrunisrelative~shortsincetheaccelerationofthemodelcan
be madeveryhigh(anaccelerationof1,000,000ft/se&is commonin small
srms).If sometechnicalmodificationcouldbe foundto increaseits
maximumvelocitybya factorof2, a gunwouldservequitesatisfactorily
forthepurposeathand.

It isinstructiveto considerfora momentthecauseswhichlimita
gun’svelocity.Ifa gunisreducedto itsbarestessentials,itconsists
ofa longtubeclosedat oneend. A projectileislocatedneartheclosed
endsndtheregionbetweenthemodelandtheclosedendisfilledwithgas
whichisathighpressure(andusuallyathightemperature)atthestart
ofthefiringcycle.Thegasexpsndstherebypropellingboththeprojec-
tileanditselfdownthetube. Thisisthephysicalmodeluponwhich
LaGrsngebasedhisclassicalinteriorballisticcalculations.

Theenergyforthepropulsionisstoredinthepotentialenergyofthe
gas. Duringthefiringthisenergyisconvertedpartlyintothekinetic
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energyoftheprojectileandpsrtlyintothekineticenergyofthegas %
itse~. Thedivisionofenergybetweenprojectileandgasdependsonthe
molecularweightofthegas,theweightoftheprojectile,andthe_pro-
jectile’svelocity(orthedistancetraveledbytheprojectile,whichis

k

directlyrelatedtothevelocityfora givensetoffiringconditions).

Ifthegunis infiniteinlengthandsuchfactorsasheatlosstothe
gunmd borefrictionarenegligible,theprojectilewillbe accelerated
by thegasuntilthepressureatitsbaseis justbalancedby thepressure
actingagainstitshead. In casetheboreisfilledwithair,thepro-
jectilewillaccelerateuntilthebasepressureequalsthepressurebehind
theshockwaveprecedingtheprojectiledownthebore. In casethebore
isevacuated,theprojectilewillaccelerateuntilitreachesthevelocity
ofeffluxofthegasintoa vacuum(thevelocityofeffluxfora transient,
centeredexpansioniS2ao/(Y-1)).Forexample,considerthelimiting
velocitieswhenthepropellantgasconsistsof thecombustionproductsof
nitrocellulosegunpowder:Ifthetubeaheadofthemodelisfilledwith

—

air,thelimitingvelocityisabout10,000ft/sec(seesection9.16of
referenceU, “TheMaximumPossible~zzle Velocity”);ifthetubeis
evacuated,thelimitingvelocityisabout28,000ft/sec.

Inpractice,twofactorsentertolimitthevelocitytolessthanthe
theoreticalmaximum.First,thegunhasa finitelengthsothatthetravel
oftheprojectile_islimited.Second,thegunhasa finitestrength,so
thatthemaximumpressureand,hence,thepotentialenergyislimited.The v
pointofviewtakenhereisthatoneisdealingwithanactualgunwhose
physicaldimensionsarefixed.Shouldthereaderbe thinkingof sane
existinggunandholdtheopinionthatcertainmodificationsaredesirable L
inordertoimproveitsperformance,thenthemodifiedad improvedgun
isthegunbeingconsideredinthepresentdiscussion.

Itisevidentthatthehighestvelocitiesfora givengunof limited
lengthandstren@hwillbe reachedby reducingtheweightoftheprojec-
tiletoa minimumandfiringatthemaximumallowablepressure.Themaxi-
mummuzzlevelocitywillnowbe determinedby thedivisionofthekinetic
energybetweentheprojectileandthegas. However,sincetheprojectile
hasbeenmadeaslightaspossibleand,therefore,itsweightisa fixed
quantity,themuzzlevelocityisdeterminedsolelyby themoleculerweight
ofthegas. Thelighterthegas,thehigherwillbe themuzzlevelocity.
Ifthegunispoweredtithnitrocellulosepowder,themolecularweightof
thecombustionproductswillbeapproximately28(nearlythatofair),
which,of course,isquiteheavycomparedtotheminimummolecularweight
of2 forhydrogenoreven4 forhelium.Thelimitimposedonthemuzzle
velocityby themolecularweightof28forpowdergasisborneoutby
experience.FiringsinotherlaboratoriesindicatethatthepracticsL
limitfora gunusingnitrocellulosepowderisaround10,000ft/seceven
thoughtheboreisevacuated(iftheboreisnotevacuated,thelimitis
about8,OOOft/see).
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Onelsimaginationimmediatelysuggestsa solution,ifonlythechemis-
trycould’bebroughtunderourcontrolby somemagicalformula:Finda
solidpropellantwhosegaseouscombustionproductshavea lowmolecular
weight.Withthismagicalcompoundthegaswilltakeup a farsmaller.
shareofthepotentialenergyandtheprojectilewillbe driventoa cor-
respondinglyhighervelocity.Despitethesoundmessofthephysicalbasis
onwhichitrests,thisparticularsolutionyetawaitsthediscoveryof
sucha compound.

Theideaof increasinga &gunxsvelocityby decreasingthemolecular
weightofthepropellantgasesseemssostraightforwardthatitmusthave
beeninthemindsof interiorballisticiansforyears.Yetthefirst
Iracticalapplicationknowntotheauthorswasmadeduringtherecent
worldwar. A groupat theNewMexicoSchoolofMinesdevelopeda gum
basedonthisprinciple.Eydrogenwasusedasthepropellant,andthe
technicslproblemofbringingthehydrogentohigh-pressureat thestart
ofthefiringcyclewassolvedby addinga pumpunittothegunproper.
Thegunthusconsistedoftwoparts:a guntubeproperanda pumptube,
thetwobeingplacedendto end. Theprojectilewasplacedat thejunc-
tureofthegunandpumptubesandwasheldinpositionbya sheardisk
whichwasdesignedto ruptureandreleasetheprojectilewhenthepres-
sureinthehydrogenreachedthefullvaluedesiredatthestartofthe
launchingcycle.Thehydrogenwasinjectedintathepumptubeatlow
pressureandwaspumpedtohighpressureby thesingle,rapidstrokeof
a heavypiston.Thepiston,inturn,waspropelledbythecombustionof
ordinarynitrocellulosegunpowder.Ina word,thepumpingcycleisthe
mechsmicalanalogof ourmagicalcompoundandit servedquitewellto
bringthehydrogennotonlytohighpressure,butalsotohightempera-
ture,sincethegaswasco~ressedadiabaticallyintherapidpumping
stroke.

Theprincipleofoperationofthehydrogengunwasprovedby firing
lightprojectilesatvelocitiesup to13,000ft/sec.Infact,itis
believedthathighervelocitiesstillmighthavebeenobtainedfromthe
NISMguniflighterprojectileshadbeenfiredoriftheborehadbeen
evacuated,therebyeliminatingairresistanceaheadoftheprojectiledur-
ingfiring.Nevertheless,theNWM gunclearlydemonstratedtheadvantages
ofa gasoflowmolecularweightas a propellant.

Encouragedby thesuccessoftheNWM gun,theauthorsundertooka
studyoftheperformancethattightbe expectedfroma light-gasgunsimi-
larinoperationto theN1.SMgumbutdifferentindesignandindimensions.
Thestudyshowedthata llght-gasgunofpracticsldimensionsshouldbe
capableoffiringaerodymmicmodelsatvelocitiesof20,000ft/secor
more. ThisresulttogetherwiththeNewMexicotestssuggestedthatthe
light-gasgunwouldbea suitablelauncherforhigh-velocityflight
testing.
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Requirementsfora launcherforlaboratoryusearequitedifferent
fromthoseformilitawservice,anditwasconsidereddesirableto
approachthedesignofa light-gasgunforuseat theAmesLaboratoryas
.an entirelynewinstrument,startingfrom‘thebasicprinciplesof opera-
tion.Thus,thedesignwasprecededby a careful,thorough-goinganalysis
ofallphasesofthegun?soperation.Also,itwasbelievedthatthe
firstguntobe constructedshouldbeas smalla unitaspracticaltowork
with. Inthisway,variousfeaturesofthedesigncouldbeevaluatedby
actualtest,andmodificationscouldbetie easilyas theneedforthem
developed.Thepresentlight-gasguncan,inthisrespect,be regardedas
a pilotmodelofa largerfree-flightlauncherhavingwhatevercsliberis
desiredfortestsinanaerodynamicsrange.Ontheotherhand,itssize
islargeenoughsothatitcanbe usedformanyaerodynamictests.Thus,
inadditiontobeinga pilotmodelfora largergun,thepresentgunis
suitableforuseasa free-flight”launcherforsmaU-scale‘tests*

Thepurposeofthisreportistodescribethelight-esgundeveloped
at theAmesLaboratory.Itsdesignandthesmalysisofitsperform?mce
willbe presented,andtheresultsofthefirstfiringtriabwillbe
discussed.Inaddition,a fewpreliminaryrecordswillbe includedshow-
ingprojectilesinflightatvelocitiesbetween10,000and15,000ft/sec.

a

5.

%

Av

b

c

c

d

D,E

L

SYMBOLS

speedofsound

a
~

cross-sectional

cross-sectional

%.

areaofpumptube

areaofvalvetube

constant,a functionof 7 (Seeeq.(B4).)

constantinvolvinggecmetryofsystemandmassesofpistons
(Seeeq.(39).)

constantinvolvinggeometryof systemandmassesofpistons
r (Seeeq.(44).)

diameter

co&tantsinequation(Bl)

lengthoflaunchtube
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u

E

u

v

v

x

Y

z

z

a.

lengthofpumptube

“sss

fictitiousprojectilemass

totalmassofheliuminpumptube

massofheliumusedinpropelHngprojectile

light-gas(helium)pressure

g

powder-gaspressure

perfect-gasconstant

cross-sectionalarea

time

post

%%

temperature

velocity

U—
%

volumeofpowdergas

specificvolume

volumeofpowdergas

tistsncefromendof

distancetraveledby

travelofprojectile

posz

2a. (Seeeq. (6). )~

oflaunchingtube

chariber

at a giventime

pumptubetoforwsxd faceofpumppiston

valvepiston
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$

Y

r

0

1

2

3

c

L

m

P

v

sS.c

Ssc

T

d)

2R

~ (Seeeq. (6). )

ratioof?specificheatsoflightgas

ratioof specificheatsofpowdergas

density

Riemsllnfunction(Seeeqs.(3)and(4).)

a—
Go

a. fora calori.c~andthermallyperfect

Subscripts

conditionsinreservoir

conditionsat stertofpumpcycle

conditionsat startoflaunchingcycle

conditionsatendoflaunchingcycle

chargeofpowder

conditionsatmuzzleof

experimentallymeasured

pumppistonortube

valvepistonortube

launchtube

quantity

projectik

projectile

projectile

orlaunchtube

forconditions

forconditions

withchambemge

withoutchambersge

Riemannfunctioninpumptube

designpressure

shear-diskrupturepressure

gas

&.-

.4

?



NIIC!Am 4143

Superscripts

9

s.

4 (–) dimensionlessquantity- usedlt equation(7)et seq.
(Eachdimensionlessqyantityisdefinedindivid-y.)

( )* throatconditions

Note: Allcomputationsinthisreportwerecsrriedoutwiththedimensions
ofthequantitiesinvolvedreducedto engineeringunits;thatis,lengths
infeet,timesin seconds,massesin slugs,andforces~ Po~ds. Eow-
ever,inthereportitselfthev~ues ofthesequ~titfes~Y be given~
morefsmil-isrterms;for==pley pressuresareUSUEL~Y~sted inPOWIdS
persquareinchratherthaninpoundspersqyarefoot. In allcases,the
unitsaredesignatedifa numericalvalueis quoted.

DESCRIPTIONCl?GUN

BasicElementsofLight-G=-GunOperation

Theessentialelementsofthelight-gasgundevelopedat theAmes
Laboratoryareshowninthesketchbelow.

t-’a”ncher~‘“mp~
I I f Pump piston I

~powderchamber

Sketch(a)

Itwillbe recalledthatthegunconsistsoftwobasicunits,a launcher
anda pump. If oneccmparesthelight-gasgunwitha conventionalgun,
thelaunchercorrespondsto theguntubeandthepumpcorrespondsto the
powderchamber.Thelauncher,infact,ismerelya low w tube. me
pump,ontheotherhand,is similarinfunctionto theconventionalgunrs
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puwderchsmiber,sinceitistheunitinwhichthehigh-temperature,high- .&
pressurepropellantgasisgenerated.

,Theprojectileislocatedatthejunctureoflauncherandpumpand @
isheldinpositionby a shesrdisk. Thethicknessofthesheardiskis
adjustedsothatitwithstandsthepressureofthepropellantgasesuntil
thepressuredesiredforlaunchingisreached.At fulllaunchingpres-
sure,thesheardiskruptures,releasingtheprojectile.Thepropellant
gasesthenpourfrcnnthepumpintothelauncheranddrivetheprojectile
throughthelaunchtubeandoutintoflight.

Thepumpconsistsofa pumptube,a valvetube,anda powderchamber.
Thepumpandvalvetubessrecoaxialbutfacein oppositedirecticms,
beingplacedbreechtobreech.Thepowderchsmberislocatedto oneside
atthejunctureofpumpandvalvetubes,asshown,andtheportfrcmthe
chaiberleadsintobothtubes.

Heliumisthelightgasused. Theuseofhydrogenwasconsidered
andtheperformanceofthegunwascomputedfora representativecase
withhydrogenasthelightgas. Therelativeperformanceofthetwo
gasesdepends,ofcourse,notonlyonthedifferenceoftheirmolecular
weightsbutalsoonthedifferenceoftheirratiosof specifichate.
Itwasfoundthatthemuzzlevelocitywithhydrogenwasonly~ percent
higherthanwithhelium.Sinceheliumis farsafertohandlethan
hydrogenanditsuseeliminatesanydangerof explosionfromthemuzzle
blast,heliumwaschoseninpreferencetohydrogen. s

Theheliumisinjectedintothepumptubeatrelativelylowpressue
beforefiringandiscompressedduringthepumpingcycletothehighpres- *

suresandtemperaturesdesiredforlaunchingtheprojectile.Theactual
compressionisdoneby a hea~ pistonwhichisdrivenby thecombustion
ofthegunpowderinthepuwdehchsmber.

Thevalvetubeservesthefunctionofa valve,as itsnameimplies.
Itkeepsthepowdergasescontainedinthepmp duringthecompression
strokeofthepumppistonandreleasesthemtiterthecompressionstroke
is campleted.Italsoprovidesanavenueofescapeforthepumppiston,
aswillbe explainedindetaillateron. Itsactionisaccomplishedby
themovementofa heavypiston.

Thefunctioningofeachpartanditsrelationto thegunasa whole
canbe seenifonefollowsthroughthesequenceof eventsthattakeplace
whenthegunisfired.Theconditionofthegunjustpriortofiringis
shownin sketch(a)(above).Theprojectile-sheer-diskunitisimposition
atthejunctureofpumpandlauncher:Pumpandvalvepistons-arelocated
atthebreechesof theirrespectivetubesandme heldinplaceinitially
by sheardisks.Thelaunchtubehasbeenevacuatedtominimizeair .
resistanceandthepumptubehasbeenfilledwithhelimn.tiepowder...
cheniberis loaded. d
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- Theeventsduringfiringsreillustratedinsketches(b)through(e)
(below). Inthesesketchesthearrowsindicateroughlytherelativeveloc-
itiesofpistonsandprojectileatvsrioustimes.Thefirings~ts with

Q theignitionofthepowder.Thepowderburnssadthegasesdrivethe
pistonsinoppositedirections.Thepwnppistoncompressesthehelium,
beingacceleratedby thepowderg-es inthefirs_tpartofthecanpres-
sionstrokesnddeceleratedby theincreasingheliumpressureinthelast
part. Thesituationpartwaythroughthecompressionstrokeis shownin
sketch(b).

Sketch(b)

Thepressureintheheliumrisessteadilyduringthecompressionstroke
untilthefullpressuredesiredforlaunchingisreached.At thispres-
sure,theshesrdiskruptures,andtheprojectilestartsitslaunching
run,as shownin sketch(c).
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Sketch(c)

Theloadingconditionssxeadjustedsothatthree
duringthetimetheprojectiktraversesthelauncher:

thingstakeplace

1. Thepwp pistoncontinuestomoveforwardat themeanvelocity
necessarytoholdthepressureoftheheliuminthepumptuberoughly
constsntat launchingpressure.

2. At theinstantthattheprojectileleavesthemuzzleofthe
launcher,thehelimnpressurebringsthepumppistonto.astopa
shortdistancefrcmtheendofthepunptube. “

3* At thisssmeinstantthevalvepistonleavestheendofthe
valvetube.
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Thesituationat thetimethattheprojectileleavesthelaunchermuzzle
isshowninsketch(d). It isevidentthatthistimemarksthestartof
theprojectile’sflightandtheendofthecompressioncycle.
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Sketch(d)

At theendofthecompressioncycletheprojectilehasbeenlaunched
andthegunhasthuscompleteditsprimarytask.However.,oneeventhas
yettotakeplacebeforethefiringisfinished.Sketch(d)showsthat
thereremainsa bufferofheliumathighpressurebetweenthepumppiston
andtheendofthepumptu%e;aSOS theP~P ~it iSfi~ed~th powder
gaswhenthecompressionstrokeends. Itisnownecesssrytodissipate
theenergyremaininginthesetworegionsofgas,~d tms actionis
accomplishedby thevalvepistonleavingtheendofthevalvetube.The
valvetubethusbecomesa portthroughwhichthepowdergasespourout
intotheroan. Thepressureintheheliumbufferismuchgreaterthanin
thepowdergasesandthebufferreversesthedirectionofthepumppiston
anddrivesitbackdownthepwp tube,as shownirisketch(e).Since&Ls

s
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Sketch(e)

pressureonlyweaklyopposesthemotionofthepumppistonas itreturns,
itmaytraversebothpumpandvalvetubesandl=ve theW, thusc~??~et-
ingthefiring.However;ifthepressuresintheheliumbufferandthe
powder
cyd.e,
driven

gasessrebalance~justrightinthislastphaseoftheoperating
thepumppistonmaycametorestinthepumptubeinsteadofbeing
outofthegun.

—
--
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ConstructionDetailsoftheLight-GasGun

A photogmphof thelight-gasgunis showninfigure1. The
principalcozuponentsofthegun,thelaunchersndpumpunits,aredesig-
natedinthephotograph.Thetwounitsaxejoinedtogetherby a coupling,
as shown.Theentireassaiblyismountedon a veryrigidsteelbesmwhich,
inturn,issupportedby fivestsndsspacedalongitslength.Threepieces
ofauxiliaryeqtipment,a vacuumtank,recoilsupports,anda catcher,are
alsoshowninthephotograph.Allofthecomponentswillnowbe described
indetail.Forreferencepurposesa listofallUnensionsoftheAmes
gunandof certainotherquantitieswhichhavefixedvaluesintheopera-
tionofthegunisgivenintableI.

Figure2 showsa photographofthelaunchertogethertitha sketch
givingthedetailsofitsconstruction.Actually,otherunitsofthegun
areshowninfigure2 forthepurposeofvisualcontinuity,butthesetill
be describedlater.Theessentialelementofthelauncheris a 0.22-
caliberriflebarrel.Thelauncherwasconstructed&cm tworiflebarrels
coupledendto endandplacedinsidea 4-inch-diametertubewhichdined
andsupportedthetwobarrels.(Twobarrelscoupledendtoendwereused
inpreferenceto a single,longbsxcelbecause,in thisway,thelaunch
tubewasmadefrcmstandard,riflebsrrelsatfarlessexpenseandtime
thanwouldhavebeenircvolvedinthemanufactureof a single,longbarrel.)
Thetotallengthfrombreechtomuzzleisabout4 feet. Thebarrelswere
smooth-boredafterassemblyandthushavea unifom boreofdismetera
littlelessthan1/4inch.

A sketchofthepumpgivingthedetsilsofitsconstructionis shown
infigure3. Thepumpconsistsofthreemainsubunits:thepumptube,
thevalvetube,andthepowderchamber.Thepumpandvalvetubesarecon-
structedfrcmstandardsmooth-bore,20-mmtestbarrels.Thepumptubeis
madefromtwobarrelscoupledendto“end.(Thereasonforthistypeof
constructionisthesameasforthelaunchtube.) Thetotsllengthofthe
pumptubeisabout9 feetandofthevalvetubeabout~ feet. Thebore
dismeterofthepumptubeisthestandard20m, buttheboreofthevalve
tubehasbeenenlargedslightly.Thepowderchamberisboredfroma
6-inch-diametersteelforging(~SI No.4340,heattreatedto a Rockwell
hardnessofc38)anditsinternaldimensions=e a diameterof3 inches
sndlengthof8 inches.TIEchsnberis closedby a breechof special
designwhoseonlyfeatmepertinenttothepresentdiscussionisthatit
supportsmd firesa 37-mmpercussion-typeprimer.Thepumptube,valve
tube,andpowderchamberme coupledby a heavyforging,showninfigure3
astheT-connector,andtheunitisbalancedh rotationaboutthepump-
val.vetubeaxisby a counterweight.

Thepistonsusedinthepwnpandval.vetubesareshowninfiggme4.
Eachpistonisa right,circularcylinderofmetalwiththecenterrelieved
to insureproperbe~ng supportandtoprovidea labyrinthseal.An
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additionalgrooveismachinedineachendsectionofthepumppistonto
improvethesealing.

*
Theendsectionsaremadeofhalf-hardbrasstoavoid

seizurewiththesteelboresurfaceandaremachinedto a slidingfitwith
thebore,allowinga diametral.clearanceofabout0.001inch.Thecenter ●

sectionismadeofeitherbrassorsteel,dependingonthepressures
involved.A thinflangeismachinedontheendofthepumppistonfacing
thepowderchamber.Thisflangebearsagainsta sealingringinthe
T-connectorandservesto sealthisendofthepumptubeas itispres-
surizedwithheliuminpreparationforfiring(thepressuresinthehellum
runfrom100to 1,000psi,dependingonthefiringconditions).Italso
providesa weaksheardiskthatthepowder”pressuremustrupturebefore
thepumppistoncanmove,andforthisreasona similarflangeismachined
onthevalvepistoninorderto insurethatbothpistonsstartmovingat
thesameinstant.

Themethodofloadingthegunpowderinthepowderchsmberdeservesa
briefmention.Boththepressuresandthedensitiesofloadingarevery
lowcomparedtonormalgunpractice,anditisdifficulttoproducegood
ignitionandrepeatableburningofthepowderundertheseconditions.The
schemeusedisshowninfigure~. Thepowderisheldaroundtheprimerby
a cardboardtubetapedtothefaceofthebreech.It isthussaturatedat
onceby thefirefromtheprimer,andtheentirechargeofpowderappears
to ignitenearlysimultaneously.Theuniformityoftheactionofthe
propellantfromroundtoroundisfurtherenhancedby theshot-startson
thepumpandvalvepistons.Neitherpistoncanmoveuntilthepowder
pressurereachesapproximately2,000psiand,consequently,smyirregu-
laritiesintheburningofthepowderup tothispressuredo notaffect
theactionofthepropellantinthepwnpingstroke.

A crosssectionofthecouplingbetweenthepumpandlauncherunits
isshowninfigure6. A model,sabot,andsheardiskarealsoshownin
position,andtheoutlinesoftwoofthepressure-gageunitsaresketched
in. Thedesignoftheprojectile-shear-diskunitshownisthefinaldesign
developedduringthefiringtrials.

Thesabotandsheardiskaremachineda8_anintegralpiecefrcxna rod
ofnylon;theringism’tieof steel.Theunitsusedinthefirstfew
roundsdidnotcontainthesteelring,anditwasfoundthatthediskrup-
turedalonga ragged,roughlyconicalsurfaceandthatpiecesofthedisk
sroundtheholebrokeoutafterthemainplughadsheeredandwereappar-
entlydrivendowntheboreofthelauncherclosebehindthesabot.The
steelringismadea closefitwiththedisksothatthereislittleleak-
ageofheliumbetweenthetwo,andthefrontfaceoftheringispressed
firmlyagainsttherearfaceofthediskby thepressureofthehelium.
Thediskisthussqueezedbetweenopposingfacesofringandlaunchtube
andrupturescleanlyalonga cylindricalsurfacejoiningtheholeinthe
ringwiththeboreofthelaunchtube.

u

k’
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* Inthedesignjustdescribed.thesabotisformedinprt fromthe
cylindricalplugshearedoutofthedisk. Sincetheplugisborediameter,
itassistsin supportingandguidingthemodelduringthelaunching.In

h fact,thesahotofhigh-velocityroundsconsistsalmostentirelyofthis
plugfromthesheardisk.

‘I!hetypeof sealswhicharein evidenceinthecouplingcrosssection
(fig.6) deservetobe mentionedinpassing.Thelight-gasgunisa com-
positestructurenmdeofmsnypartsandthejointsbetweentheseparts
mustbe sealedinorderto containthegases intheinteriorofthegun.
C-sin ofthesealsmustwithstandveryhighpressures(oftheorderof
100,000psi)andallmusts- verytightly.Evena smallamountofleak-
agemakestheoperationquite uncertain.Actingontheadviceofthe
NavslOrdnanceLaboratory,2 theauthorsfoundthatthesyntheticrubber
O-ringin commonindustrialusefulfilledthes~ng requirementsof
thelight-gasgm exceptionallywell. SyntheticrubberO-ringsare
designedforpressuresup to a fewthousandpoundspersquareinch;but,
iftheclearancesbetweenmatingpartsarekepttotheorderof 0.001
inchorlessandtheO-ringgroovesaremadeto closetolerances,the
O-ringswillsealagainstthetransientpressuresactinginthecoupling
ashighas 100,(XX)psiandpossiblyhigher.s

ThepiecesofauxiliaryequipmentshowninfQure 1 srea.vacuumtank,
recoilsupports,anda catcher.Thevacuumtankisattachedtothemuzzle
ofthelaunchtubeby a sliding,vacuum-tightseal. Itsfunctionisto

* collectandcontaintheheliumas itpoursoutofthelaunchtubebehind
theprojectileandtherebytoprotecttheinstrumentationalongthetra-

W jectoryfrantheblastandflashofthepropellantgas. It alsoactsas
a ballastinthevacuumsystem.

Therecoilsupportstakeup theaxialloadswhichoccurduringthe
firing.Theyme rigidmenibersrunningfromthe!&connectorto thewalls
ofthersmgeandtransmftthestressesinthegundirectlyintothebuild-
ingstructure.Thegunisheldrigidlyinplaceandnotallowedtorecoil
duringfiring,sotheterm“recoilsupport”isperhapsa misnomer,although
thesemembersreplacetheusualrecoilsystem.

Thecatcherservesto stopandholdthevalveandpumppistonsafter
theyleavethevalvetube. It iscomposedofa heavysteelboxwitha port

%I!heauthorssreindebtedtothestaffofthe~erballisticsDivision
oftheAeroballisticsRese=chDepsrbnent,U. S.NavalOrdnanceLaboratory,
andparticularlytoMr.B. M. $hepsrdofthisdivision,fortheirassist-
anceinthedesignof O-ringseaM.

ssae oft~ O-ri=smayextrudea littleintothejointsmd haveto
be replacedeachround.SinceO-ringsarerelativelyinexpensive,itis

. standardpracticetoreplaceallsealsthatmighthavebeendamagedin
firing.

*
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The frontpartofthebox(theendfacingtheport) -
slabsoffiberboardandtherearpartcontainsa

heayyslabofreinforcedconcrete.Thepistonsareact~y stoppedby
theconcreteblock,andthesand(orfiberboard)servesprimarilytopre- #

ventthepistonsorfragmentsof concretefromricochetingbackoutthrough
theport. Consequently,bothpistonsareexpendedon eachround.However,
theyaresimpleindesignandinexpensivetobtid andtheirlossis
unimportant.

optimumDesignconsiderations

Itmaybe appropriateto concludethissectionby remarkingthat
thegundescribedin thisreportdoesnotinanywayrepresmt the
optimumdesignoflight-gasgun. Infact,itisnotclearatthepresent
timejusthowtoderivefirmengineeringcriteriaforthedesignofthe
optimumlight-gasgun. If thelengthofthepumptubeisincreased,the
compressionratioisincreasedfora specifiedpressureattheendofthe
compressionstroke.As a result,thedensityofthegaswill.be less,the
gaswillrequirea smallershareofthepotentialenergyforitsacceler-
ation,andthemuzzlevelocityoftheprojectilewillbe increased.Sim-
ilarly,ifthelengthofthelaunchtubeis increased,theprojectilewill
be acceleratedby thegasfora longerlengthoftime,andthemuzzle
velocitywillbe increased.Ofcourse,thesechangeswillbe counteracted ●

induecourseby effectssuchaafrictionbetweentheprojectileandthe
boreofthelaunchtubeorthelossofheatfrcmthegastothepumpand
launchtubes.At best,itisbelievedthatthedimensionschosenforthe b
Amesgunarestillfarfromthebalancepoint.Thelengthsoflaunchand
pumptubes,thevolme ofthepowderchsmber,andotherdimensionswere
chosenbecausepreviousexperienceindicatedthattheywerereasonable.
Theresultsofthefiringtrialshaveshownthatthechoicesmadehave,
infact,produceda workableunit.

ANALYSTS

BasicConsiderations

Letus starttheanalysisby consideringcertainbasicfactorswhich
controlthefunctioningofthegun. Thepurposeofthegunistoimpsrt
thehighestpossiblemuzzlevelocitytotheprojectile.Sincetheprojec-
tileis acceleratedby theheliumpressureonitsbase,thegunshouldbe
designedtofunctionsothattheheliumpressureattheprojectilesbase
ismaintainedatthehighestpossiblevaluethroughoutthelaunchingcycle.
At thestsrtofthelaunchingrun,therequirementofmaximumbasepressme -
is quitesimple:Theheliumpressurein thepm tubeshouldbe ashighas

t



NACATN 4143 17

*
thestrengthofthegunwillallow.Duringthelawchingrun,however,
therequirementofmaximumbasepressurebeccxnesmoreccmplexandit is

u necessaryto examineinsomedetailtheconditionsofgasflowfrompump
tubetoprojectilebase.

As thepro~ectiletraversesthelaunchtube,theheliwnpressureat
itsbasediminishesbecausea pressuredropisreqtiredto acceleratethe
heliumfromverylowvelocityinthepumptubetothevelocityofthepro-
jectileat itsbasein thelaunchtube. Thispressuredropisproportional
tothekineticenergywhichmustbe impartedto theheliumaa it acceler-
ates,and,consequently,thedropisminimizedby keepingthedensityof
theheliumto a minimum.Thepointoftiewtakenhereisthatthedimen-
sionsofthegunme fixedinitially.Hence,it is cle~ thatthedensi~
oftheheliumwillbe a minimumatallttiesO- iftheamountofhelium
loadedinitiallyintothepumptubeiskepttothebareminimumrequired
tolaunchtheprojectile.

Thetotalsmountofheliumrequiredforlaunchingisdeterminedby the
pressureinthepumptubeduringthelaunchingcycle.At thestartthe
pressureisfixedby themaximumvalueallowedbythegun. Duringthe
firstpartofthecyclethepressureshouldbe heldatthismaxbumvalue
sincea decrease.inpumptubepressurecausesa corres~ndingdecreasein
basepressurewhiletheprojectile~svelocityis stilllow. However,as
theprojectiletravelsalongthelaunchtubeanditsvelocityincreases= ‘

% sm intervsloftimeisrequiredforanexpansionwavecausedby a decrease
inpumptubepressuretoreachtheprojectile’sbaseandthisthe
increasessteadilythefurthertheprojectiletravels.

●
A certaintimeis

finallyreachedbeyondwhicha decreaseinpumptubepressurecannotbe
transmittedto thepro~ectilebeforeit arrivesatthemuzzleandcompletes
itslaunchingrun. Thetworequirementsof (1)keepingthetotalsmount
ofheliumto a minimumand(2)holdingthepumptubepressureatmaximum
duringthefirstpsrtof thelaunchingcyclenecessitatea carefuladjust-
mentoftheloadingconditionsinorderto obtainthebestpossibleper-
formancefromthegun.

An approachto theoytimumratherthana designfortheoptimum
itselfwasconsideredsatisfactoryforthefirstfiringtrialsandan
a.rbitra~choicewasmadebetweenthetworequirementsstatedabove.It
wasdecidedto adjusttheloadingconditionssothatthepressureinthe
P- tubewo~d be heldat tiefullmaxtimvalueduringtheentirelaunch-
ingcycle.Thisintervaloftimeisundoubtedlylongerthannecessaryfor
optimumperformance,butit insuresthattherewillbe anadequatesupply
ofheliumtopropeltheprojectile;also,thechoiceofthisparticular
intervalgreatlysimplifiestheanalysisofthegun’soperation.

Thequestionimmediatelyarises:Is itpossibleto designthepumping
strokesothatthepressurein thepumptubewillremainconstantduring

$
thelaunchingcycle,asdesired?Theansweris thatit ispossibleto do
soonlyapproximately.A certainsmountofhelim will.flowoutofthe
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tubeintothelaunchtubeduringthelaunchingcycle.Now,ifthe
andvelocityofthepumppistonareadjustedsothatitwillmove
thedistancerequiredtomakeupforthelossofhelium,thenthe

pressureinthepumptubeattheendofthelaunchingcycle&lXlbe the
ssmeasat thestart.Sincetheendpointssrethessme,it seemsreason-
abletoassumethatthevariationinthepressureoverthisintervalwill
alsobesmall. Unfortunately,theveryphysicalnatureoftheprocess
makesitdifficulttokeepthepressureconstmtovertheentireinterval.
At thestartofthelaunchingcycle,thevelocityofthepumppistonis
highwhilethevelocityatwhichtheheliumflowsoutof thepumptubeis
low. At theendofthelaunchingcycle,thestateofaffairsis just
reversed;thevelocityofthepumppistonislowsndtheflowvelocityof
theheliumishigh. Consequently,thepressurerisestoohighatthe
startofthelaunchingcyclesndfallstoolowat itsend. Inpractice,
thevelocityandmassofthepumppistonareadjustedsothatthepressure
remainsroughlyconstantduringthefirstpartofthelaunchingcycle.
The fall-offinpressuretowardtheendof~he cycleactuallycausesVery
littlelossinmuzzlevelocity.

Thefirstpartofthelaunchingcycleis theimportantpartinsofar
asthemuzzlevelocityisconcerned,and,sinceitispossibletoholdthe
pressureapproximatelyconstantoverthispart,theanalysiswillbe based
ontheassumptionof constantpressurein thepumptubethroughoutthe —

launchingcycle.ln concertwiththeassumptionofconstantpressureit
willalsobe assumedthatthevelocityofflowofheliumoutof thepump
tubeisalsoconstantduringthelaunchingcycle.Thissecondassumption

H

isa veryroughapproximationindeedto theactualphysicalsituation,snd
—

theresultsoftheanalysisaresamewhatinerrorasa consequence.For- ?
tunately,it ispossibletousetheresultsoftheanal~isin sucha
mannerthattheerrorsintroducedby theseassumptionsarecompensatedfor
toa largeextent.Theover-allresultisthatthemeasuredperformance -
isfoundtosgreesatisfactorilywiththatpredicted.

Thefirsttwoassumptionsonwhichtheanalysisisbasedmaybe sum-
marizedasfollows:

1. Thepressurein thepumptubeis constantduringthelaunching
cycle.

2. Thevelocityoftheheliumflowingoutof.thepumptubeintothe
launchtubespringsimmediatelyto thelocalspeedof soundatthe

—

entranceofthelaunchtubeandremainsatthisvaluethroughoutthe
launchingcycle.

Thephysicalmodelunderl~ngtheflowofheliumfrompumptolaunch
tubeisassumedto consistofa sequenceoftwoevents:(1)Theprojectile . -
acceleratesto thesonicvelocityofthehelim ina negligiblyshorttime;
(2)theheliunflowsintothelaunchtubestsrtingimmediatelyatthe

t

u

ii
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steady-statevalue,thelocalvelocityof sound,smdcontinuestoflow
intotheentranceofthelaunchtubeatthisvaluethroughoutthelaunch-
ingcycle.

Theassumptionof steady-statesonicflowintotheentranceofthe
launchtubeeffectivelysepsratesthepumptngcyclefromthelaunching
cycle,@st asthesonicflowinthethroatofa windtunnelprevents
conditionsinthesupersonicflowdownstreamofthethroatfromaffecting
thesubsonicflowupstresm.Thissituationis a markedsimplification
overthenormslinteriorballisticprobleminwhichthevolumeopenedup
by themovementofthepro~ectilehasa stronginfluenceoverthepressure-
timehistory.Theonlyconnectionbetweenlaunchingandpumpingcyclesis
throughthetime tTtthatthepumpiscalleduponto supplyflowtothe
launcher,andinpr=cticethetwocycles

both
Threeotherassumptionssremadein
pumpingandlaumchingcycles:

maybe smlyzedindependently.

analyzingtheflowofgasesin

3. Theequationsof stateinvolved
gases.

4. Alltheimodynsmicprocessesare
tallyandisentropically.

5. Thepressuresofthepowdergas

sreassumedtobe thoseofperfect

assumedto takeplaceadiabati-

andoftheheliumsreassumedto
be const-&tthroughouttheirres&ctivevolumesatanyinstsntof
time,slthoughthesepressuresmayvarywiththne(i.e.,P andp
arefunctionsof t only).

Undoubtedly,theseconditionsonlyapprmimatethetruephysical
processestskingplace.Thecovolumeof theheliumhasbeenneglectedin
theequationof state.Shockwavessetup inthecompressionstroke,heat
lossto thepumpandlaunchtubes,andSkinfrictionoftheheliumflow
areallignored.Gntheotherhand,thetemperatureofthehelim
increasesalongwithitsdensityas it iscompressed,sothecovolume
effectsmaynotbe tooserious;thevelocitiesinvolvedinthecompression
arelowcompsredto thespeedof soundinthehelium(andinthepowder
gas,whichdrivesthepumppiston);studiesmadeinreferences3.2,13,and
14 suggestthatthelossesinvolvedinheattransfertothetubesandin
skinfrictionarenegligiblecmparedto theprimarychangesofenergy
takingplaceintheveryshorttimesofthepumpingad launchingcycles.
It isbelievedthattheseassumptionsareconsistentwiththelevelof
engineeringapproximationexpectedfromthecompleteanalysis.

Twofurtherapproximationsof importancesremade:.

6. Thefrictionbetweenthepro~ectileandthelaunchtubeisneg-
lected.

.
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*
7= Thelaunchtubeisassumedtobe evacuatedaheadoftheprojec-
tile.

Theborefrictioninmsmygunssignificantlydecreasesthemuzzle
velocity.However,nylonisusedasthesabotmaterialin.thegun
developedatAmesanditsborefrictionis sosmall,basedonothertests
atthislaboratory,thattheretardationaccunmlatedoverthe&foot
lengthoflaunchtubeisbelievedtobe verysmall.‘I!heresistanceof
theairaheadoftheprojectileisan importantfactorinmanyguns,and
thepresentgunisno exceptioninthisregard.Theaccelerationofthe
projectileis sorapidthata shockwaveformsin theairinthebore
shortlyaheadoftheprojectileandcreatesa backpressurewhichop~ses
thedrivingpressureofthepropellantgases.Inpracticetheproblem
isavoidedby evacuatingthelaunchtubeandhenceeliminatingtheair
resistance.Theeffectsofborefrictionandairresistancearediscussed
furtherinAppendixA.

LaunchingCycle

w

—.

In startingtheanalysisofthelaunchingcycle,oneshouldrecallthe
firstassumptionoftheprecedingsection;nsmely,thatthemotionofthe
pumppistonisadjustedtoholdthepressureoftheheliwninthepumptube
approximatelyconstantduringthelaunchingcycle.Thepymptubeis d
relatedtothelaunchtubeasthechamberofa conventionalgunisrelated
totheboreoftheguntube,andthemaintenanceof constantpressurecor- W
respondstothechsmberhavinginfinitecross-sectionalareaandvolume.
Consequently,theanalysisofthelaunchingcycleis,inessence,the
analysisoftheflowofgasin a gunwithan infinitechamber.

Theinteriorballisticsoftheinfinite-chambergunhavebeenstudied
indetail.A methodof computationhasbeenworkedoutbasedonthewell-
knownmethodof Characteristics(seeref.15),andexcellentagreement
hasbeenobtainedwithexperiment.However,themethodreqdresrather
lengthynumericalcalculations,anda simplerformulationoftheballistics
wassought.Theproblemwasdiscussedwith@llisticians4attheU, S. _
NavalOrdnanceLabo-Yatoryandtheysuggestedthattheanalysisbebased
ontheballisticsofa gunhavinga chamberofborediameterandinfinite
length,ratherthaninfinitediameterandinfinitevolume.Themuzzle
velocitiesthusobtainedcanbe correctedtothetrueconditionsof
“chamberage”5throughmultiplicationby a constantfactor.

4TheauthorsareindebtedtothestaffoftheEyperbsllisticsDivi-
sionofthe,AeroballisticsResearchDepartment,smdinparticularto
Dr.A.E. Seigelofthisdivision,fortheirassistanceinthisphaseof .
theanalysis.

5“Chsmberage”isa ballistictermandordinarilyrefersto thereduc-
tioninareafromthechsmbertotheboreofthegun. Ifthechsmber~ e
thessmediameterasthebore,thegunissaidtohaveno chsmbersge.
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InaccordancewiththeNOLsuggestion,theanalysisofthelaunching
cycleiscarriedoutwiththepumptubereplacedby aninfinitelylong
tubehavingthessmebcmediamet~asthelaunchtube. Theheliw inthis
tubeisassumedto havethesamepressure,density,andtemperatureatthe
startofthelaunchhgcycleasinthepumptube(i.e.,p2,p2,andT2).
Thesituationisportrayedinthefollowingsketch.Themodificationsof

Expansionwave-

Vacuum U*~ —-u .US%..a.w.”d.a?

PositIon of projectilebefore releas
Actual chamber

Sketch(f)

theanalysiswhichareneededto accountfortheeffectsof charherage
arediscussedinAppendixB.

Thelaunchingcyclestartswiththesheardisk”rupturingandreleasing
theprojectile.Thechamberbehindtheprojectileis assumedtobe filled
withhe~um atrestatpressurep2,densitypz,andspeedofsound ~.
Theboreaheadoftheprojectileisevacuated.Theprojectileisacceler-
atedby thepressure6atitsbase,ps,andstartstomove. As itmoves
witheverincreasingvelocity,itsendsoutexpansionwavesintothehelium “
whichdecreasethepressureat itsbase. Thetradeofpressureforveloc-—
ity

For
the
the

isdeterminedby theacousticimpedancepa,thatis

dp=-~du . (1)

theparticularcircumstancesassumedto existhere,thepressureat
projectile’sbaseisalwaysrelatedto theprojectile’svelocityby
followingequation(seerefs.W through15):

us + (3s= Uo (2)

where a istheRiemannfunction,definedby

%Phesubscripts designatesconditionsat thebaseoftheprojec-
tile.TheletterisderivedfromtheBritishtermforprojectile,“shot,”
andisusedtoavoidconfusionwiththesu%scriptp whichdesignates
conditionsinthe

—
tube.
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CJ=

Sincetheentireflowis

(J )PQ
p entropy=constant

isentropic,a isgivenby

c1
2

‘TaY

NACATN4143

(3)

andthepressureratiop/p. isgivenby theRiemannfunctionratio
G/G~ asfollows:

(4)

(5)

Iftwonewsymbolsareintroduced,asdefinedby thefollowingequations

(6)

anddimensionlessnotationTisintroduced,asdefinedinthelistof
symbols,withthedtiensionlessquantitydenotedby a baroverthequan-
tity,equation(2)becomes

ti8 + 58 = 1 (7)

andequation(5)becomes

5s -B= as (8)

wheretheinitialconditionsaregivenby

T~e notationfordimensionlessquantitiesusedhereinissimilar
tothatin reference14.

.

#
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P*O= Q) = P=

%0 =zo=iiBo=

andhencethelimitsof

o<ii~

It shouldbe noted

~so‘% 1%0 ‘% ‘a2

o 5S0 = 5s0 = 1

ii~ andj& sre

<1 l~fis>o

thatthedifferentialequationsdefiningthe
dimensionlessanddimensionalvelocitiesme thesame;nsmely,

23

(9)

—

(lo)

Theaccelerationof theproject#.leisrelatedtothepressureacting
on itsbaseby

dii6
—=5s
d%

Ifequations(7)and(8)sresubstitutedintoeq~tion
* resultingequationis integrated,oneobtainsthefollowing

distanceandvelocity

Y -1z=—
2

.r*-(1+)
y+l

[L (1- fi6)7-=-

thefollowingequationforvelocityandtime

+- 1
( )

y-l.—
ii6 7+1~=1- l+— y+l

7 -1

(U)

(U) endthe
equationfor

(12)

(13)

andthefollowingequationfordistanceandtime

b
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[

( )]+1~_. Y-.ll+ ~ ~. l+tiz
2 -1 -1

(14)
Y Y

ThemuzzleveloCitY,fisL~isgivenby equation(12)andthetime
of traverseof thelaunchtube,tL,by equation(14)with Z setequal
to itsvalueat themuzzle,thatiswith Z = ZL= poSL/ms~2.Graphs
of =(Z)fromequation(12)andof ~(~)fromequation(14)areshown
infigures7 and8. Thesegraphsaretheinteriorballisticchartsand

.?

.

willbe referredtaas suchintheremainderoftheanalysis.

—
Pumping Cycle.-

Tworequirementshavealreadybeenhposedon thepumpingcycle,
nsmely(referenceismadeto sketch(g)below),

(1) Theheliummustbecompressedtoa speci.fiedpressure,pa.

(2) Thepumppistonmustmovethecorrectdistance(x=- w), to
maintaina constantpump-tubepressure;p2,duringthetimeofthe
launchingcycle,tL. a

TWOadditionalrequirementswillnowbe imposedonthepumpingcycle,
nemely,

(3) me P~p
cometorest
attime tL.

(4) A buffer
pumptubeat

8

pistonshallcompleteitscompressionstrokead shall
—

atpositionK dustas theprojectileleavesthemuzzle

ofgasofprescribedlength,XS,shallremainin the
theendofthecompressionstroke.

Condition(3)insuresthatthekineticenergyofthepumppistonis
completelyusedup in compressingtheheliumandthatthepistonhasno
forwardmotionafterithasdoneitsworkofmaintainingthepump
pressureconstantduringthelaunchingcycle.Afterthecompression
strokeis completed,the-pistonis drivenbackdownthepumptubeand .—
outofthevalvettieby thebuffer“ofheli&. Condition(4)ispurely
a safetyfactortoprotectthebreechofthdun6h tubefrombeing
rammedby thepumppistonbefore.it is completelystoppedby thehelium
pressure.-Itisthedesignfeatureincluded.to accountfortheapproxi-
mationsoftheanalysisandthefaultsoftheoperation.Intheinitial
firingtrials,~ wasarbitrarilygiventhe.valueof0.2foot.However,

*.

it shouldbe notedthatthebufferofgasin&easesthe initialloadof
heliumandhencefallsintothecategoryof-anecessaryevil.As the~ ‘- e
isusedanditsactualperformancebecomesbetterknown,thelengthofthe

—

buffershouldbe reducedaccordingly.
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Thefollowing
duringthepu?qping

sketch
cycle.

portra~thesequenceofeventstakingplace
Position1 marksthestartofthepumping

.....................

‘~y#$f“’’’’’’’’: ’’’’8:’’’’’” “-&F---v /
X2 t

/r

.:$;t
Position2 0,6 #

P2
,#

//
~ ...........................A...*, . # .

,:...,. +k8#0# ; J : .,;~–

b r ###
position 3 P

#f

Sketch(g)

cycle.Position2 marksthestartofthelaunchingcycle;thatis,the
positionofthepumppistonwhentheheliumpressurehasjustreachedthe
desi~value,p2,andthesheardiskhas~ustrupturedreleasingthepro-
jectil.e.Position3 markstheendofbothpumpingandlaunchingcycles;
thatis,thestoppositionofthepistonattheendofthecompression
strokeandthettiewhentheprojectileleavesthelaunchtube.

Therequirementsimposedonthepumpingcycledeterminetheloading
conditionsofthegun. By theloadingconditionsonemeanstheshear-disk
thickness,thetiltialheliumpressure,thepumppistonmass,andthepow-
dercharge.Theseconditionsareuniquelydeterminedby themassofthe

4
projectileandthelaunchvelocitydesired.(itisassumedthatthedimen-
sionsofthegunarefixed).
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The.over-allpurposeoftheanalysisistoenable
theloadingconditionswhicharenecessaryforthegun
requiredandtolauncha projectileofa givenmassat

NllcATN4143

oneto compute @—.
tofunctionas
a givenvelocity. .

Theanalysisofthelaunchingcyclehasalreadyproducedtheinterior
ballisticcharts(seefigs..7 and8) andthesechartsenableoneto com-
putethelaunchingpressureoftheheliumaltheendofthecompression
stroke,pz,andthetimetakenby thelaunEhingrun,tL,fromtheprojec-
tilemass,ms,~d “thedesiredmuzzlevelocity,us . However,thiscom-
putationrequiresa valueforthespeedof sound,~, intheheliumin
thepumptubeduringthelaunchingcycle.

-.
Nowtheqmtity, ~, isdeter- -

minedfromtherequirementsofbothlaunchingandpumpingcycles>aken
together.Clearly,thefirststeptotake~intheSZ@YSiSoftheP~Ping
cycleistodeterminea2. -..

Themassoftheheliumloadedinitisllyintothepumptubeisthe
quantityconnectingthepumpingandlaunchingcycles,sincethismassmust
be sufficientto supplytheflowintothelauncherduringthelaunching
cycleandtoprovidea bufferremaininginthepumptubeattheendofthe
compressionstroke.Themassofheliumflowingintothelaunchtubedur-
ingthelaunchingcycleisgivenby

—-.

AM= a*p*StL (15)

Themassofheliumtobe deliveredby thepumptube,assumingthat p=
andp2 areconstant,isgivenby +

AM= APP2(x2- ~.) (16) ●

Equatingthetwomassesandrelatingquantitiesintheentranceofthe
launchtubeto quantitiesin thepumptubegives --

APP2(x2- %)

Consequently,thepositionofthe
ingcycle,X2,isgivenby

Now;theratios
sinceisentropic

X2 =-+

a*/~ md P*/P2
flowisassumed,

a* p*
(17)= azp2f%L~ ~

pumppistonat thestartofthelaunch-

S a* P*a2tLAp & P2
—— — (M)

arefunctionsofthe y ,ofhelium,
accordingto ‘ e
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S,* (J2 +
—,=
a2 +1 (19)

p* ()2 +
—=y+lP2

(20)

Ifequations(19)and(20)aresubstitutedintoequation(18),theformula
for xz becomes

y-l-l

(7)
2 2(7-I)

x2=xs+a@Lg~ (21)

Thecompressionratio,x2/x1,iSdetetinedby eq~tion(21)~ce
theinitialconditionsand % arespecified.Ontheother~d, % iS
determinedlythecompressionratio,sincetheheliumis loadedintothe
pumptubeatrocmtemperatureandthecompressionisassumedtobe isen-
tropic,theformulabeing

0

7-1
xl T

a2=a ~ (22)

Consequently,therelationsWich mustbe satisfiedsimultaneouslyby~
areequations(21)and(22)andtheinteriorballisticchartsoffigures7
and 8:

Thecomputationismadeby = iterativeprocedure.
for a2,- x2 is computedfrcxnequation(21)andthe
chartsusingthisassumedvalue. The valueof x2 thus
to comutea newvalueof ~ franequation(22).This

A value”is assumed
interiorballistic
obtainedisused
newvalueisthen,

usedtoreccmputex2 from~quation~21)and-theinteriorballistic
chsrts, andtheprocessisrepeated.Experiencehasshownthatit israp-
idlyconvergentandthreeorfouriterationssresufficienttogive ~
asaccuratelyastheapproximationsoftheanalysisjustify.

Once x= hasbeendetermined,theinitialheliumpressuremaybe
computedusi& thecompressionratio,x2/xl,
theformulabeing

7

0P1=P25

andthedesignpressure,P2,

(23)



28 IWCATN4143

Thenextstepintheanalysisistodeterminetwoquantities:
(1)themassofthepumppiston;(2)thevelocityreqpiredofthepump
pistonatpositionx2 sothatitwillholdthemeanpressureconstant
duringthe-launching
time tL,theendof
thedistancex by

;ycleandcometorestatpositionX3 atprecisely
thelaunchingrun. The-velocityup isrelatedto

up=.% (24)

Thepiston.isdeceleratedby thedifferentialinpressure(p- P). Now,
p isassumedtobe constantovertheinterval2 - 3 and P isnearly
constantalso,since
.issmallcompsredto
time. Consequently,
constantvalue(p2-
ing

The

(1)

(2)

The
and

The
the

Pm

.-

thevolumeopenedupby thepistonin thisinterval
thetotalvolumeoccupiedby‘- “ ,..
thedifferentialinpressure
P2),andthedecelerationis

me powaergasax wns
~ be takentobe the
alsoconstant,accord-

to
—

~=-
‘P dt Ap(P2- P~) (25)

pistonstopsatposition3; hence,theboundaryconditionsme

atx=x2
up = up2,t=o

1

a

atx=~ (26)
u

up = Llp3.o,t.~

velocity,up=,isdeterminedfromthefirstintegralof equa_bion (25)
theboundaryconditionsgivenby equations(26), asfollows:

Ap(P2- p~)tL
up== mp (27)

mass,mp,isdeterminedfrcmthesecondintegralofequation(25)and
bounda&yconditionsofequations(26)and(27)asfoldows:

AP(P2- p2)(tL)2
%?= 2(XZ- ~)

(28)

ofthequantitiesineqpations(27)and (28) areknownatthispoint
exceptthepressureofthepowdergas,P2. However,P2 isanorderof
magnitudesmallerthan p2 sndmaybe neglectedinmakingtheinitial

—
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calculationsof up=and~. If subsequentcalculationsindicatethat
Pa ismorethana fewpercentof Pz,itmaybe includedinthecomputa-
tionof up=andmp as an iterativecorrection.

Thefinalstepof theanalysisistodeterminethecorrectpowder
chargewhichwillgivethepumppistonofmass mp thevelocityup=at
X2 specifiedbyequation(27).A fairlyfastpowder(e.g.,TMR4227)is
used,and,in orderto simplifytheanalysis,it isassumedthatthepow-
derburnscompletelybeforethepumpsndvalvepistonshavemovedsn
appreciabledistance.Consequently,thepowderisassmedtoburnina
closedchamber,andthepressureof thepowdergasat theendofburning
isgivenby itsequationof state

Pv =RT (29)

Powderburnsatpracticallyconstanttemperatureindependentofthepres-
sureandhence RT isa constantforanyparticularpowder.Thequantity
RI?iscalledtheforceconstantofthepowder;a typicalvslueis
70longtons/sq
Propellants”of
caputedfrom

in.X cc/gram(seeChapterThree: “TheThermochemistryof
ref.11). Once Pl isknown,thepowderchargemaybe

(30)

Theexperimentshaveshownthattheassumptionof instantaneousburn-
ingisnottoogoodanapproximationby itself.Thepistonsmovean
appreciabledistanceinthetimeofburning,and,furthermore,theforce
constant,KC,andtheratioof specificheatsofthepowdergas I’ are
customarilyconsideredtobe empiricalconstantswhichmustbe evaluated
fortheparticularcircumstancesofeachfiring.It is standardpractice
to callbratethepowderundertheactualconditionsoffiringratherthan
ina closedchamber.In thepresentguntheessentialoperationreqpiredof
thepowderistopropelthepumppistonto the Velocity UP2 atPrecise~
thepositionX2. Thecalibrationfollowsstandardpracticeandisbased
ona measuredvelocitycorrespondingto UP2 ratherthanona measurement
ofthepeakpowderpressure,whichwouldcorrespondto P1. Thecalibra-
tionis csrriedoutunderconditionssimulatingas closelyaspossible
theactualcompressionstroke.Theprocedurefollowedandthemethodof
appl@ngtheresultstotheanalysisofthepwnpingcyclearedescribed
at theendof thissection.

Thepumpingcyclestartswiththeignitionofthepowderin thepowder
chamber.Sincethepowderisassmnedtoburninstantaneously,thechsniber
isassumedtobe fi21edat thestartofthecyclewitha gasatpressure
P= andhavinga ratioof specificheats,J?.Thegasexpandsisentrop-
ically,drivingthepmp andvalvepistonsin oppositedirections.The

.
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motionofthepumppistonisomosedby theheliumpressure,p. Thevalve <
pistonactsagainstthe
but,sincethevelocity
inair,thisresistance
forceofthepowdergas
thepumppistonis

press& oftheairintheboreofthevalvetube;
ofthevalvepistonislessthanthespeedof sound
maybe safelyneglectedcomparedwiththedriving .
pressure.Theequationfortheaccelerationof .-

mp~ = AP(P- P)- (31)

It ismoreconvenienttotakethedistancex thatthepumppistonmoves
ratherthantimeastheindependentvariable-sincetheproblemcenterson
thevalueofthepistonvelocityattheparticulardistanceX2. The
transfomnationfromtimetodistanceisgivenby

dup dxdup dup— = - up=
x=zdx

(32)

andequation(31)beccmes

SE=mPuP & - AP(P‘_p) (33)

Theheliumpressure,
piston,accordingto

p, isa functionofthedistancemovedbythepump
w

Y
P ()
.Pl+ (34)

pumpptstons,accordingto

r
P=P

0
g
v

Thepowdergaspressureisa functionofthe,distancesmovedby thevalve
and

(35)

where V ‘isgivenby

V= U+ AP(X1-X)+AVY (36)

Theanalysisis complicatedby theintroductionofthenewvariable,
Y) thedistancemovedbY theV~Ve Piston~ad itiSneCeSSEU’YtOfinda
relationbetweenx smdy inorderto solvetheproblem.An exactequa-
tiongivingy asa functionof x wouldbe difficulttoderiveina
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convenientform;but,fortunately,a studyof thephysicalsituation
suggeststhatan approximateequationmaybe entirelyadequate.At the
startofthecycletheheliumpressure,P, iSWch s~er th~ thePOW-
dergaspressure,P, andmaybe neglectedin soltingforthemotionof
thevalveandpumppistons.Neemtheendof thepwnpingcyclethemotion
ofthevalvepistonisrelativelyindependentofthemotionofthep’mnp
piston.Inaddition,thevolumeopenedupby themotionsofthepmnpand
valvepistonsduringthispartofthecycleis smallcomparedto thetotal
volumeofthepowdergas(atthistime),sothaterrorsin themotionof
thevalvepistontillhavelittleeffectonthepowdergaspressure.As
a result,themotionofthevalvepistonmaybe relatedwithsufficient
accuracyto thatof thepumppistonby neglectingtheactionofthehelium
inretardingthelatter.Sincethessmepressure,P, acceleratesboth
pistonsif thehe~um pressure,p, isneglected,theirmotionsarerelated
by

:*(X=.X)y._E (37)

Thevolumeof thepowdergasesmsynowbe givenas a functionofthe
distancetraveledby thepumppistononly,by substitutingeq~tio~(37)
intoequation(36),as

where
which

thepresentation
isdefinedby

follows:

‘=++4-4!1 (38)

ismademoresuccinctby introducinga newconstant

(39)

Finally,oneobtainsthefollowingeqwtionfortiePowdergasPress~e
by substitutingequation(38)inequation(35)

p= [’+ (’-e)T

(40)

Since p andP aregivenasfunctionsof x by equations(34) ad
(40) , equation(33)maybe inte~atedto obtainUP2 at X2. Thequantity

——
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desiredis Pl sinceallotherquantitiesarespecifiedtoa first
approximationat thispoint,andtheintegralof equation(33)written
inthisformisas follows:

C(r-
‘){%% +#%[(%Y”l -11}

P= =

1- [’+ <1 ~:)r-’

(41)

Theuseofequation(41)involvesthreequantitieswhosevalueshave
notbeenspecifiedpreviously,namely,I’,Av/Ap~andmv/mp.A valueof
1.3wasselectedfor !7aftera studyofreference1.1.Thevalueof
Av/Ap is1.09inthepresentgun. The~ve pistonswerearbitrarily
made3.15timesheavierthanthepuqppistonssothat ~/~ = 3.15.The
massofthevalvepistonshouldbe adjustedtokeepthevalvetubeclosed
duringthepumpingstrokeofthepumppistonandto openit just after the
strokeiscompleted,buttheexactvalueisnotcritical.A preliminary
analysisindicatedthata massratioof 3.15 wouldworksatisfactorily,
andsubsequenttestsboreoutthisprediction. —

Thevaluesof mp andup2 usedinequation(41)wereobtainedfrom
.

ecpations(27)and (28), neglect-gthequantityP=,anditmy be desir-
ableto repeatthecslculattonat thisstageincludingthevalueof P2. w
Sincethecompressionisassumedisentropi:, P= maY1= CmpUtidfrom F1
andthecompressionratio~/x1 as fouws:

‘2=[1+i’-ar (42)

If Pa isappreciablecomparedto pa,itshouldbe treatedasan itera-
tivecorrectionto mp,Up2,-d pl.

Thisstepoftheanalysiscouldbe concludedby computingthepowder
chargefromequation(30),but,asmentionedpreviously,ithasbeenfound
thatclosed-chsmbercalibrationsdonotpredictsatisfactorilytheper-
formanceofthepowderinactualgunfirings(e.g.,seeChapterTwo: ‘!Gun
Propellants”ofref.11). Thecalibrationshouldduplicateas closelyas
possibletheconditionsunderwhichthepowderoperates.Inthelight-gas .
guntheessentialfunctionofthepowderisto imparta specifiedveloc-
ity,up , toa pistonof givenmass,~s at a particularposition,x2~
Now,if2thelaunchtubeandcouplingwereremovedfromtheendofthepump (
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tubeandthepumppistonwerefiredfrcantheopen-endedpumptubeasa
projectileisfiredfrm a conventionalgun,thepowderchsrgecorrespond-
ingto P= wouldgivethepistona certainvelocityUPL atthemuzzle
oftheopenpmp tube. Ifthevalueof UPL iSdeterminedby !XISlldySiS
similarto thatwhichhasalreadybeencarriedoutforthecompression
stroke,the u

%
correspondingto P1 willbe givenby

‘2ApLpP~
UP2=
L [~c(r - 1) 1- 1(1+;)r-1

wherethefactorC isdefinedby theequation

c=iiigqldh(g]

(43)

(44)

(Itshouldbenotedthat,ingeneral,c willdiffernumericallyfrom
C!becausex= differsfrom ~ dueto thelengthsofthepumppiston
andthecoupling.) Thequantityu% canserveto calibratethepowd~
equallyaswellastheqmtity P~,–andrepresentsmuchmoreC1OSelythe
performanceexpectedoftheyowderthantheclosed-chamberpressure,P1.

Thepowderis calibratedby firingthegunwiththepumptubeopen;
thatis,withthecouplingsmdlaunchtuberemoved,aspostulatedabove.
(Thevalvetubermainsinposition,of course,andthevalvepistonis
launchedsimultaneouslywiththepump~istonso thatthevolumeoyenedup
by themovementofthepistonsinthecalibrationfiringsimulatesas
close3yaspossiblethevolumeopenedup duringthecompressionstroke.)
Themassesofthepwnppistonandpowderchargesrebothvariedsystem-
aticallyandthemuzzlevelocityismeasured.Theresultsofthecali-
brationareplottedasa graphof ~L versus~ with ~ asa
Par-ter (seefig.9).

Inutilizingthepowdercalibration,theqyantityP1 is computed
as oneoftheparametersintheover-allperformancerequiredofthegun.
Thequantity~L iscomputedfromequation(43)usingthisvalueof P1.

Thepowderchargeisreadfromthecalibrationchartusingthevaluesof
up andmp. Thusthelastquantityrequiredforthepmnpingcycleis
de~erminedby thisprocedure.
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PerformanceCharts

Theprecedingsnalysisis smnmarizedina setoffourperfommnce
chartswhichareshowninfigures10,11,12,and13. Theusualproblem
of operatingthegunmaybe statedasfollows:Giventheprojectilemass
andthemuzzlevelocitydesired,determinetheinitialheliumpressure,
themassof thepumppiston,thepowdercharge,andtheshe~-diskthickn-
ess. Accordingly,oneentersthechartoffigure10with usLandms
anddetefinesP2. me 10adingcon~tionsPI,~, and% aregivenby
thechartsoffigure~11,12,and13usingms andthevalueof p just
obtained.ThequantitYPz Ealsodeterminesthethicknessofthes ear
disk(seefig.6). However,itwillbe recalledthatthecentralplug
shearedoutofthesheardiskonthereleaseoftheprojectiletravels
withtheprojectileand,hence,itsmassmustbe addedinto-theprojec-
tilesmass. Consequently,severaliterationsmaybe necessaryinorder
toobtaina firmvalueof ms and,inturn,theloadingconditions.

Theperformancechartsmaybe saidtorepresentsm idealoperating
cycleofthegun,andtwomodificationsshouldbemadein theirusein
ordertoaccountfortheapproximationsoftheanalysis.Theactual
muzzlevelocitydesiredoftheprojectileshouldbe reducedindetermin-
ingthe usL of thechartstoaccountfortheeffectsof chamberage.
- P~ usedinchartsoffiguresKl,l!2,end13 shouldbediminished
frcmtherupturepressureofthesheardiskgivenby thechartoffig-
ure10in orderto compensateforoverrideofthepressureb thepump
tubeduringthefirstpartofthelaunchingcycle.Thesechangesare
discussedIndetailinAppendixB. Theyarepointedoutinthissection
ontheuseoftheoperatingchartssincetheymustbe takenintoaccount
ifoneistopredictaccuratelytherealperfo~ce ofthelight-gasgun.
Themodificationsmaybe swmnarizedsuccinctlyinthefollowingtworules
on theuseofthecharts:

1. Take USL as 0.9timesthedesiredmuzzlevelocitytoenterthe
chartoffigure10.

2. Take pm = p2R- 10,~psi.

Inorderto clarifytheuseoftheperformancechsrts,thepressurepz
ofthechartoffigure.10isdesignatedby p= andthepressurepa of
thechartsoffigures11,12,ad 13isdesignatedby pm.

Theperfcumancechartsof’thisreportarebaaedontheuseofhelium.
Ontheotherhand,thereadermaywishto evaluatetheperformanceofa
similargunusinghydrogenor someothergasas thelightgas. Perhaps
he maywishto explorethepossibilitiesofa largerlight-gasgunor

*

oneof differentpropotiions.Inorderto assisthiminthistaskthe
analysishasbeensummarizedina computingprocedureinAppendixC. This 1
proceduregiveshima step-by-stepaccountof
performinorderto determinetheperformance

thecomputations
ofhislight-gas

hemust
W*
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FIRINGTRIALS

Calibrations

Beforetheguncouldbe fired,itwasnecessaryto calibrate(1)the
rupturestrengthofthesheardiskand(2)theinteriorballisticsofthe
powdercharge.Thesheardiskwascalibratedby hydraulictest,as illus-
tratedinthefollowingsketch.Thecrosssectionofthediskwasmade

Sketch(h)

as showninthesketch.Thesteelring,whichcanbe seenplacedbehind
thediskin figure6,wasnotpresentinthesetestsbutwaslaterfound
necessaryinorderto insurecleanruptureduringactualfiringconditions.
Theprocedurewasstraightforward;thehydraulicpressurewasincreased
slowlyuntilthediskruptured.Onrupture,a centralplugofnearlybore
dtaetershearedoutcleanly,which,of course,iStheme ofbre~ that
hadbeenhopedfor.

A seriesofdisksweretestedwithsystematicallyincreasingthick-
ness. Theresultsareplottedin figure14asa graphofrupturepressuxe
againstshear-diskthickness.Theshearstressat failurewascomputed
andis shownasthedashedcurveinfigure14. As canbe seen,theshea

. stresshasa constantvalueof10,000psiup to a diskthicknessof1/8
inch,afterwhichit increasesslowly.Therupturepressurecurveof
figure14wasused throughoutthefiringtrialsto computethethiclmess

k ofthesheardiskrequiredforruptureatthefiringPressurejP2Y
specifiedby theperformancechartoffigure10.
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Themethodof calibratingthepowderhasalreadybeendescribed.
Thetestsetupis showninthefollawingsketch.A finewiregridmade

Counterweight

n
Grid4 Grid3 Pu~ tube l~lVolve tubeGrid2 Gridi
1 m0CRO Powder

chamber

Counter3 - Counter2 —

t i t t

u

Sketch(i)

fromcopperwire0.002inchindismeterwasplaced
ofthepumptube.A secondgridwasplacedonthe

closetothemuzzle
trajectoryabout3-1/2

feetoutfromthemuzzleofthepumptube. MO more&ids weresimiiarly
placedadjacentto andoutfrcmthemuzzleofthevalvetube. Eachof
thegridBwasconnectedtothestopgateof:a1.6-megacyclecounterchron-
ograph.Allfourcyclecounterswerestartedbya signalfroma switch
whichwasclosedasthefiringpinwasstruck;eachcounterwasstopped
inturnas oneofthepistonsperforatedthegridconnectedto it. In

—

additionto thetfiin~records,a piston-t~estraingagewasplacedin
thepowderchamberanditsoutputrecordedona cathoderayoscilloscope.

—

Themuzzlevelocitiesof eachofthepistonsweredeterminedfrom
thetimedifferencesofthecountersandthespacingsofthegrids.The
pistonstraingagewascalibratedandthecathode-raytracegavethetime —
history of the-p~derpressure.A typicalpawderpressure
in figure15.

Theresultsofthefiringsareplottedinfigure9 as
muzzlevelocityagainstpowderchargewiththemassofthe
a parameter.Theindividualpointsarenotshown,butthe

recordis shgwn

.
curvesof
pumppistonas
scatterwas k
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quitesmallthroughout.Asmentionedprevicmsly,themethodof loading
thepowderproducedconsistent,reproducibleresults.

In thistest,theonlydatumofdirectconcerntothepowdercalibra-
tionwasthemuzzlevelocityof thepumppiston.However,themuzzle
velocityofthevalvepistonandthetimehistoryofthepowderpressure
gaveadditionalevidenceastowhetherthepowderactedin thewayitwas
assumedtoactin theperformanceanalysis.Itwasfoundthatthemeas-
uredpowderpressurewasalwayslowerthanthecmputedpowderpressure,
Pl,whichindicatesthatthepistonswereacceleratedduringtheburning
ofthepowderaswellasby theexpansionofthegasessfterwsrxls.This
inferenceis substantiatedbythepressurerecordoffigure15. An aver-
agefigureforthetotalpumpingtimeis10milliseconds,sndit isevident
thattheburningofthepowderas shownby therisethe ofthepressure
takesanappreciablefractionofthisinterval.

A furthercheckontheprocesswasmadeby integratingthepowder
pressurecurveto obtainthemuzzlevelocityofthevalvepiston,assuming
thatthepressurewasconstantthroughoutchsmber,punp,andvalvetubes,
aa intheperformanceanalysis.Thecomputedvelocitywas476ft/sec
whichagreesfavorablywiththemeasuredvalueof484ft/sec.Herealso
thevalidityoftheassumptionsonwhichtheperformanceisbasedisborne
outby theresultsofthetests.

ExperimentalApparatusandMeamrements

Thee~erimentalsetupwhichwasusedin carryingoutthefiring
trialsis showninfigure16. Gageswereplacedin theguntorecord
pressures.Chronographswereusedto timethemotionof theprojectile
sJ_ongitstrajectory.Althoughtheprimsryinterestwasin thegun~sper-
fornumce,theflightwasrecordedby a sparkstationandtwostillcsmeras.

TWOtypesofpressuregsgeswereused: (1)a specialadaptionofthe
standsrdcoppercrushergage(seesection81 ofref.16,“TheCrusher
Gage”);(2)thepistonstraingagedevelopedat theAmesLaboratory
(ref.17). Thegsgeswereusedinpsrallelandservedto checkeachother,
althoughit shouldbe notedthatthepistonstraingagegivesa ccmplete
historyof thev=iationofpressurewithtimewhilethecrushergage
recordsonlythepeakpressure.Theoutputofeachpistonstraingagewas
recordedona cathode-rayoscilloscope.Thegagewasfirstcalibratedon
a deed-weighttestingmachinetodetermineitsgagefactor.Theover-all
responseofthegsge-oscilloscopecircuitwasthencalibratedby shunting
thegagewitha knownresistanceandnotingthedeflectionofthecathode-
raybean. Thecrushergagemeasuresthepressurethroughthepermaneht
deformationofa smalJcoppercylinder.Thesedeformationsweremeas-
uredby micrometermeasurementof thecylindersbeforesmdaftertestand
wereconvertedtopressuresby a tarsgetablefurnishedwiththecopper
cylinders.
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Onepairofgageswasplacedinthepowderchsmbertorecordthe
powderpressure.A secondpairofgageswasplacedinthecouplingat
thehigh-pressureendofthepumptubetorecordtheheliumpressureat
thispoint.Actually,thesecondpairconsistedofonepistonstrain
gageandtwocrushergages,sinceitiscustomarytousetwocopper
crushergagesforeachmeasurementinordertomi~ize theerrorsinher-
entin thisinstrument.Also,theoutputofthepistonstraingageat
thecouplingwasrecordedby twooscilloscopes,onewitha relatively
slowsweepratetogivethecompletepressurehistoryandtheotherwith
a relativelyfastsweepratetogivea detailedrecordofthepressure
variationinthepumptubeduringthelaunchingcycle.

A photographofthethreeoscilloscoperecordsfora representative
round(roundnumber10)is showninfigure17. Alltracessweepfrom
lefttoright.Thetracesforthepowderpressureandslowsweephelium
pressurewerestartedby a signalfromtheswitchonthefiringpin,and
itis interestingtonotethatsaappreciabledelayoccursbetweenthe
timethefiringpinis struckandthetimethegaspressurefrcmthecom-
bustionofthepowderstartstorise. Thetraceforthefastsweephelium
pressurewas.triggeredby aninternalsignalsndstartedwhenthepressure
reacheda certainvalue(afewthousandpsi). Thisrecordcontainsa
smallsmplitude,high-frequencyoscillationsuperimposedonthemainpres-
surevariation,butthissecondaryoscillationshouldbe disregardedin
interpretingtherecord.It isbelievedthatthesecondaryoscillation
ccmesfroma mechanicalresonanceofthegsgeitselfandisnotdueto
anoscillationintheheliumpressure,sincethefrequencyegreestith .
thatcomputedfromthedimensionsofthegage. It isfeltthatan tiproved
designofgagewouldhavegivena recordfreefromthissecondaryoscilla- ~
tion.Despitethisdifficulty,calibrationsbeforeendafterpressure
measurementsandagreementbetweenindependentg~es measuringthessme
pressureindicatethattheaccuracyofthegsgerecordsis5 percentor
better.

TheflightoftheprojectilewastimedbythessmemethodusedInthe
powdercalibrationfirings.Finewiregridswereplacedat themuzzleof
thegun,at theexitportofthevacuumtank,andonthetrajectory2 feet
outintheroomfromthetsmk.Eachgridwasconnectedto thestopcir-
cuitofa 1.6megacyclecounterchronograph.Allcounterswerestarted
by a signalfromthefiringpinstitchandwerestoppedsuccessivelyas
theprojectilebrokeeachgridin turn.Theexitportofthevacuumtank
wassealedby a thincellophanediaphr~ andthetankandlaunchtube
wereevacuatedbeforefiring.Consequently,theprojectiletraversedthe
tad ina nearvacuumandthemuzzlevelocitywascanputeddirectlyfrom
thetimedifferenceacrossthetank,sinceitsretardationinthevacuum
tankwasnegligiblysmall.Theaccuracywithwhichthevelocityismeas-
uredisbetterthan1 percent.Afterperforatingthediaphrqgnatthe
exitport,theprojectiletraversedthenexttimedintervalthroughthe .
airoftheopenroan,snditsretardationwassubstantial.As a result,
thevelocitycomputedfromthetimedifferenceacrossthissecondinterval ,
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secondintervslis a correctmeasureoftheretsmiationoftheprojectile
asfiredfromthegun. Zmpactwithgridsanddiaphragnhavefragmented
thenylonportion,and,hence,there~dationoverthesecondinterval
isrepresentativeof a groupof smallfragmentsflyingclosetogether
(similsrto a shotguncharge)ratherthantheprojectilefl@ng as a
structmailysoundunit. Consequently,thevelocityfromthesecond
intervalservedmainlyas a checkon thetankvelocity.

A sparkphotographystationwaslocatedatthepositionofthethird
grid,2 feetoutfromthevacuumtank.Referringtofigure16,onesees
thesparklocatedon onesideof thetrajectoryandthephotographicplate
placedopposite.Intheactualsetupthelinefrmnsparktofilmwas
approximatelyhorizontalandthetwowerepositionedabout2 feetaway
fromthetrajectoryon oppositesides.Thesparkwastriggeredby a sig-
nalfromthethirdgridsndrecordeda silhouetteoftheprojectileafter
ithadpasseda fractionof an inchor sobeyondthegrid. A typical
sparkphotograph(roundnumber3) is showninfigure18. Theprojectile
hasbeenpartlybrokenupby impactswiththethreewiregridsandthe
cellophanediaphragm,andthesilhouettesof themainprojectileamdthe
frsgmentssurroundingitme clearlyevident.Theheavylinesandthe
filigreepatternssweepingbackfromtheprojectileanditsfragmentstrace
outtheshockwavesandwakes,thedisturbancesinthesurroundingairthat
characterizeflightat supersonicspeeds.The&k verticallinesarethe
shadowsofthegridwires.

Theprojectiletraversedsane10 feetof openairinthefiringrange
beforebeingstoppedby a butt. Itsflightpathwasrecordedbytwostill
cameras,oneplacednearthebuttfacingalongtheflightpathtowardthe
gunandtheotherplacednearthesparkunitfacingacrossthef~ght path
towardthephotographicplate.Thesignificanceofthecsmerarecordsis
perhapsbestexplainedby describingtheprocedurefollowedinoperating
thephotographicappsratus.Beforea roundwasfired,therangewasdark-
ened. Thefi~ waaplacedinthesparkstationendtheshuttersofthe
csmeraswereopened.Theroundwasthenfired.Next,thefilmofthe
sparkstationwasremovedandtheshuttersof thecameraswereclosed.
Aftertheseoperationswerecanpleted,therangewaslightedagain.Con-
sequently,anylightthatappearsonthecamerarecordsmusthavebeen
generatedduringtheflightof theprojectile.Examplesofthesecsmera
recordswillbe describedsubsequently.

Oneadditionalmeasurementnotindicatedinfigure16wasmadeduring
thefiring.A roughindicationwaaobtainedofthestoppositionofthe
pumppistonas it completesitsccxupressionstrokeandreversesdirection.
Onthefirstthreeroundssmallpiecesof scotchtape1/16inchsquare
werestuckto thesurfaceoftheboreof thepwnptube.Theywereplaced
ina linealongthelengthoftheboreabout1/4inchapartandcovered
thelast4 inchesof thepumptubeat itshigh-pressureend(extendinginto

—
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thecoupling;see-fig.6). Thepistonscrapedoffthosepiecesencountered M
inthelengthof itsstroke.Thepieceslocatedbeyondtheexcursionof
thepiston-wereuntouched,although
Thus,thepiecesremainingrecorded
towithin1/4inch.

Oneachoftheseroundsitwas

a triflescorchedby thehothelium.
theforwardmostpositionofthepiston “

noticedthatthepiston’sstopposi-
tionwasmarkedby a ringaroundtheborewhichseemedtobe causedby a
thindepositofsomedarksubstanceonthesurfaceofthebore. Itwas
thoughtthattheheatofcompressionevaporateda smallsmountofnylon
fromtheexposedfaceofthesheardiskwhichdecomposedanddeposited
itselfontheboresurface.However,thepistonscrapedoffthisdeposit
duringitsforwardstroke,and,~tho~h a ~ttlemoreWY havebeen
depositedon thereturnstroke,thecontrastbetween@e heavyandlight
depositsgeneratedthering. Theoccurrenceoftheringatthestopposi-
tionasdeterminedby thescotchtapesuggestedthattheringitselfwould
be adequateforthis record, although,in the authors’oPinion~~is ring
isnotsoreliableanindicationofthestoppositionofthepistonasthe
scotchtape. Nevertheless,theringwasusedto indicatethestopposi-
tiononallsubsequentrounds,sinceconsiderablecsrewasrequiredto
placethescotchtapeproperlyandthe wasa factorincarryingoutthe
firingtrialsduetothepressof othertestsfortheuseofthefiring
range.

ChronologicalAccountoftheFirings

Thesmalysisgavea certaindegreeof confidencein
expectedofthegun. Nevertheless,it seemedprudentto

*
theperformance
startthetrials

witha lowheliumpressure,P=, andto increasethisvaluegraduallyto
themeximumpressurethatthestrengthofthegunwouldallow;also,the
loadingconditionswerenotadjustedtomimbnizethepressureoverrideon
thefirstfiverounds.Thepossibilityoftheoverridewasrecognized
frmnthestart,ofcourse,butitwasbelieveddesirableto establishits
magnitudeexperimentallybeforeattemptinga correction.Accordingly,the
firstroundwasloadedfora pm of20,0~ Psi. me Projectilewasa
nylonpruofslug2 caliberslongweighing~.31gram(includingthecen-
tralplugshearedoutofthedisk)andthevelocitypredictedwas
8,700ft/sec(withoutcorrectionforchsmberege).

Thefirstroundswasperhapstypicaloffirstroundsinthatalmost
noneoftheelectronicinstrumentationfunctionedproperly.Consequently,
novelocityrecordsorpiston-strain-gagepressure”recordswereobtained
andthesparkwasnottriggeredat therighttimeto silhouettethepro-
jectile.Ontheotherhand,thecopperc-her measurementofthepeak

8~e reader may be assiatd in following the ChronohgicdaCCOUIlt 9

ofthefiringspresentedint~s.sectionbymakingreference.totable11,
whichsummarizestheresultsofthe-firingtrials. t
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heliumpressureandscotchtaperecordofthestoppositionofthepmnp
pistonshowedthatthegunhadfunctionedverymuchas expected.AJ-so,
thestill-cameraphotographsshoweda brightstreakalongthetrajectory.
Theresultsofthisfirstroundwereencouraging,to saytheleast.

Thesecondroundwasa repeatofthefirst.Thistimetheelectronic
instrumentationfunctionedsatisfactorilyandtherecordsofthisround
gavethefirstrealconfirmationthatthegunfunctionedsuccessfully.
Thepeakheliwnpressurewas29,000psi,a valuethatonemightexpect
duetothepressureoverride.Themuzzlev~ocitywas9,87oft/sec.The
increaseoverthepredictedvelocityisaboutrighttoaccountforthe
effectsof chamberage.Thesparkstationoperatedat therighttime;how-
ever,thesparkphotographshowedthatthenylonslughadbeenfragmented
by itssuccessiveimpactswithgridsanddiaphrq. Againthepmp pis-
tonstoppedandreverseditsdirectioncloseta thedesignposition%,
andthestill-csmerarecordsshowedstreaksofllghtalongthetrajectory.

An unexpectedfeatureof theperformancewasdisclosedbythesefirst
tworounds,whichprovedtobe characteristicof alltherounds,withonly
oneexception.Thepumppistoncametorestinthepumptubeinsteadof
crossingtheT-connectorandleavingthegunviathevalvetube. Itsrest
positionvariedfrcmroundtoroundandin someroundsthepistonwas
foundinthecouplingsd~acenttothesheardisk. Ontheotherhand,
therewasno evidencethatthepistonhadstrucktheendofthetube(the
faceofthesheardisk)withanyappreciableforce.It is surmisedthat
thebalancebetweentheheliumbuffer,thepowderpressure,andthevalve
pistontimingis suchthatthepistonis stoppedonitsreturnstrokeby
theresidualpressureof thepowdergasesandeitherstoppedsomewhere
alongthelengthof thepumptubeor shovedslowlybackup thetubeinto
thecoupling.Actually,theterminationofthepwnpingcycleinthis
mannerdidnotimpairthegun’sperformanceinanyway,althougha return
ofthepistonallthewayintothecouplingdestroysthescotchtape
recordof thepiston’sstopposition.If it isdesiredthatthepump
pistonleavethegunon itsreturnstroke,thisactioncanprobablybe
achievedby lighteningthevalvepistonsothatit openssoonerand
reducesthepowderpressureduringthereturnstroke.Underdifferent
circumstancesitmightbe desirabletobringthepumppistonto restin
thepumptube,thatis,purposefullyratherthanaccidentallyas inthe
presentfirings.Thisperformancecanundoubtedlybe realizedby the
correctbalancebetweenpowdercharge,valveaction,andheliumbuffer.
Infactitmightbe possibletoreplacethevalvetubeandvalvepiston
altogetherby a nozzle,andtodesignthepumpso thatitwillfunction
ina mannersimilartoa recoillessgun,therebyeliminatingthenecessity
of stoppingpistonsfiredto therear. Ifa militaryweaponwereever
designedsroundtheprincipleofthelight-gasgun,thismodification
wouldsurelyenhanceitsutility.

Thenextthreeroundswerespentworkingouttwodifficultieswhich
arecharacteristicofthegun,namely,theshear-diskbreakandthe
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pressureoverride.Theproblemoftheshear-diskbreakisillustrated
by figure19. Itwasfoundthattheoriginaldesignof sheardisktid
notbreakoutcleanlyas ithadinthehydraulictestsbutfr~ented aU
aroundthecentralholeleavinga raggededge,asmaybe seeninthetop
photographofthisfigure(thesheardiskfromroundnumber3). Whenever
thistypeofbreakoccurred,themuzzlevelocitywaslessthanthetheo-
reticalvalue,thatis,lessthanthevelocitypredictedby theanalysis
increasedby 10percenttoaccountfortheeffectof chaniberage.The
causeofthelOSSinvelocityisnot~~~ butttis susPectedt~t the
flowofheliuminthelaunchtubeisimpededby thefragmentswhichhave
brokenawayfromtheedgesofthehole. Wokingat thephencmenafrom
anotherstandpoint,onemightsaythatpartoftheenergyoftheprope~ant
gaseshasgoneintotheaccelerationof thefragmentsinsteadofthepro-
jectile.Inanycase,itisnecess~ todesi~ ~ she= ~sk sot~t
itwillrupturecleanlyifthefullpotentialofthegunistobe realized.

At firstitwasthoughtthattheentireprojectilemighthavefrac-
tureduponruptureof thesheardiskinsteadofbeingbrokenby impact
withthegridsanddiaphragm(seefig.18,whichisthespsrkphotograph
forroundnumber3). To testthistheorya round(number4)wasfired
withthegridatthegunmuzzleandthegridanddiaphragmatthetmk
portremoved.Thesparkstationwasmovedascloseaspossibletothe
tankport,anditsgridwasleftinplacesothata silhouetteofthe
modelwouldbe obtainedandtherebydetermineitsconditioninflight.
A secondgridwasplaced2 feetfartheralongthetrajectoryfrcmthe
sparkstationfora measurementoftheflightvelocity.Thetankand
launchtubewerefilledtithhelium(atatmosphericpressure,of course)
inordertoalleviatetheeffectsofsirresistanceduringlaunching
insofaraspossible.Thesparkphotographofthisroundis showninfig-
ure20. Itisevidentthattheentireprojectileconsistingof sabotand
centralplugisquiteintact,hastheshapeintended,andwasnotwed
duringruptureandlaunchiqg,althoughthesheardiskofthisroundfrag-
mentedinthesamemannerasthepreviousrounds.App=entlythecentral
plugshearsoutofthediskcleau&,butthere@on ofthedisk~o~d the
holefragmentsandbreaksawayafterwards.

Thisdifficultywascuredby placinga steelringbehindtheshear
disk,as shownby thesketchinthelowerhalfoffigure19. Thering
pressessofirmlyagainstthediskthattheinterfaceiseffectively
sealedfromthehelium.Thustheheliumpressuresqueezesthediskbetween
theringandthebreechofthelaunchtube.Whenitis compressedinthis
manner,thediskshearsoutcleanlyad theedgesof theholedonotfr%-
ment,ascanbe seenfromthephotographinthelowerhalfoffigure19
(sheardiskfrmnroundnumber6).

Thedifficultiesassociatedwiththepressure”overrideandthemethod
ofminimizingtheoverridearediscussedinAppendixB. Theanalysisindi-
catesthattheoverridewillbe relativelyineffectivein increasingthe
muzzleveloclty,butitwasthoughtdesirabletofireoneroundto test
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thisCOnChlSiOn.In ordertoexaggeratetheoverridefortheroundin
question,roundnumber5,thesheardiskwasdesignedtoruptureat
20,~ psibutwasloadedfora designpressure,pa, of40,000psi;this
provideda thoroughtestofthetheory.Actually,thepressureroseto a
peakof~,000psiornearlythreetimestherupturepressure.Ifthe
rupturepressureis controlling,themuzzlevelocityshouldbe 9,600ft/see,
but,ifthedesignpressureiscontrolling,themuzzlevelocityshouLdbe
11,700ft/sec(thechsnibersgefactorwastakentobe 1.1). Themeaswed
muzzlevelocitywas9,000ft/sec.A comparisonofpredictedandmeasured
velocitiessuggeststhattherupturepressureis,infact,thecontrolJAng
quantity.Unfortunatelytheexperimentalevidenceisnotas clearcutas
desired,sincetheshearMsk rupturedina raggedholeandthemuzzle
velocitywasthuslowerthanitwouldhavebeenwitha cleanbreakby an
unklownmount. Atbestonecansaythattheexperimentalresultstend
to supportthecontentionsofthetheory.

Themethodchosenforminimizingthepressureoverridewastoreduce
thedesignpressure,pa, by 10,0~psifromtheshear-diskrupturepres-
sure,p=R,asdescribedin theanalysissectionandAppendixB. This
modificationto theloadingwasputintoeffectforallroundsstarting
withround6,withtheexceptionofroundnuniber9. However,a slight
variationincsrryingoutthiscorrectionhadtobemadeinloadingthe
roundsforthefiringtrialsreportedherein.Thepumpandvalvepistons
forallXL roundsof theshoothadbeenmanufacturedbeforestartingthe

w firingsandcircumstances-de itdesimbletousetheseratherthan
constructnewpistonsofa lightermass. Ontheotherhind,theinitial
heliw pressureandpowderchargecouldbevariedatwill,and,taking

s advantageof theparametersat ourcontrol,we adoptedthefollowing
procedure:

1. Therupturepressure,p=, oftheshesrdiskwasspecifiedin
advsmceforalloftherounds,sinceallsheardiskshadbeenmanu-
facturedaheadoftime. Themuzzlevelocity,us.,waspredicted
from p ~ andtheactualmassoftheprojectileti-~usingthe
charto!?figure10.

2. Thedesignpressure,pa, usedintheraainingperformance
chartswastakentobe (p2R- 10,OQOpsi).

3. me ales- w=ss~e, PzD>andtheact~ massof thepumppiston,
mp, were usedinthechsrtoff@rcreI-2to determinea fictitious
projectilemass,msF.

k. Thefictitiousprojectilemass,XF, andthedesignpressure,
Paj werewed to dete~e * ~ti~ ~~ium press~eyPI>fr~
thechsrtoffigure11andthepowdercharge,~, frcmthechsrtof
figure13.
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Theeffectofthisvariationinmodif@ngtheloadingspecifiedby “
theperformancechsrtswastoreducethepressureoverride,astheresults
oftheremainingroundswillshow.However,thevelocitieswereprobably
lowerthantheywouldhavebeeniftherehadbeentimetomanufacture .
lighterpistons.TheheavypistonproducedthesamevsriationInpressure
asthelightpistonwouldhavebutheldthepressureat itspeakvalue
longer,sincethefictit3.ousmasswasgreaterthantheactualmassand
hencedemandeda longerlaunchingcyclethanwasactuallyneeded.

Anotherresultofinterestcamefromround5,in additionto thetest
ofpressureoverride.Thisrounddifferedframalltherestinthatthe
entireprojectile-shear-diskunitwasmadefrana magnesiumalloy.When
thegunwasdisassaubledafterfiring,itwasfoundthata largepartof
thesheardiskexposedto thehotheliumhadmeltedaway.Thisresultis
nottoosurprisingifoneconsidersthehighheatconductivityandlow
meltingpointofmagnesiumalloy.Incontrasttothemagnesium,thenylon
withstandsthe&posureto thehotheliumprobablybecauseitsconductiv-
ityis solowthatonlya thinlayerofthesurfaceis affectedinthe
millisecondor sothatthetemperatureishigh,despiteitsrelatively
lowtemperatureofdecomposition.Moltenmagnesiumcsmhsrdlyimprove
thepropulsivepropertiesofhelium,andforthisreason,amongothers,
nylonhasbeenusedalmostexclusivelyasthematerialforsabotssnd
sheardisks.

Thefirstfullysuccessfulroundfiredathighpressurewasround
numiber6. Thetechniquesemployedinthisroundhavebeenusedinall

w

subsequentrounds,andsoround6 maybe co~ideredtobe representative.- ‘-
Theprojectilewassimilarto theproofslugsofthepreviousroundswith
thedifferencethata smallduralumhmunsyhere(1/8-inchdiameter)was

*

seatedinthefrontofthenyloncylinder.Thusthenylonservesasa
sabotinthisroundandtheconfigurationis similarto thatwhichwill
be usedinaerodynamictests.

— .—

Thedesignpressureforloadingwas40,000psi. Therupturepressure
ofthesheardiskwas50,000psi. me peakpressureroseto 56,000psi,
asexpected.Thisresultsubstantiatedtheprocedureforcontrollingthe
pressureoterride.ThepressurerecordssresimilartothoseshownIn
figure17forround10 (therecordsofround10werechosenbecausethe
densitiesofthenegativesweremoresuitableforillustration).Therup-
turepressureofthesheardiskismarkedontheheliumpressurerecord
fromtheoscilloscopewiththefastsweep,anditcm be seenthatthe
pressureremainedalmostconstantatthisvaluefor1/3millisecond(it
willbe recslledthatthesecondaryoscillationisbelievedtobe a
mechsmical.resonanceofthegageandnota pressurefluctuation).The
timeofthelaunchingcycleis1/2millisecond.Consequently,thePump
pistonmovedtherightdistanceintherighttimetoholdtheheliumpres-
sureinthepumptubeat theshear-diskrupturepressureanda little .

abovefortwo-thirdsofthetimeofthelaunchingcycle.Also,thepump
pistonstoppedandreverseditsdirection3 inchesfromtheendofthe r
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punptube,justshortofthedistancespecifiedintheanalysisof
2-1/2inches.Theseresultsarebothinaccordwiththepredictionsof
theanalysis.

Twopicturestakenby thestillcameraplacednearthebuttandlook-
ingalongthetrajectoryareshowninfigure21. Thepictureontheleft
wastakenbeforetheroundwasfiredandshowstheorientationofthe
apparatusinthefieldofview. Thefaceandexitportofthevacum tank
areseenontherightandthefrsmeworkofthesparkstationandtheply-
woodsurfaceformountingthephotographicplate,inthecenter.Thepic-
tureontherightwastakenduringthefiring,anditwillbe recalled
fromthedescriptionofthefiringroutinethatsXLoftheexposurein
thisphotographcomesfromlightgeneratedduringtheflightofthepro-
jectile(subsequenttestshaveshownthatthevacuumtankcontainsthe
blastofhelim fromthelaunchtubeandthatlittlelightcomesfrcmthis
source). Thetrajectoryoftheprojectileismarkedoutby a bright
streak.A brilliantburstoflightoccursastheprojectileimpactsthe
diaphragmandgridat thetankportandagainas it impactsthegridat
thesparkstation.Thestreakpersistsattil intensityforsmne6 feet
frcxnthetankandthenfadesouttowardtheendofthetrajectory.

Thesparkphotographofround6 is showninfi&e 22. Thedural
sphereis surroundedby thefragmentsofthenylonsabotwhichpartly
obscureit,andonlytheroundcontourofthespheretslesdingsurface
csmbe distinguishedfrcxntheoverlappingshadowscastby spheresndfrag-
ments.Thefine,darklinesradiatingoutinfrontofthespheresrethe
wakesof tinyparticlesofcoppercomingfromthegridwires.Theimpact
oftheprojectilewiththetireis soviolentatthesespeedsthatthe
wiredisintegratesintosmallparticleswhicharehurledsheadwithroughly
twicethevelocityoftheprojectileitself.It shouldbe notedthatthis
sparkphotographwastakeninthepresenceofallthelightvisiblein
figure21,whichwasbrightenoughtoproducean imagein thestillcsmera
recordofthesparkphotographicplateitself.Fortunately,thelightfrom
thesparkisintenseandphotographicallyactive,sincemuchof it isin
theultraviolet,andthecontraston thesparkphotographis satisfactory
despitethediffuseilluminationccmingfrcmthelightalongthetrajectory.

Thestreakphotographsuggeststhatobjectsflyingthroughtheairat
speedsabove10,OW ft/secwillbe subjecttomuchthessmeconditionsas
meteorsenteringtheesrthtsatmosphereatvelocitiesfargreaterthaa
this. (Meteorvelocitiesrangefrcm25,000ft/secto240,000ft/see;see
refs.18 and19.) Theirflightwillbe characterizedby hightemperatures
andhighratesofheating.Ontheotherhand,theevidencefrcmthestreak
photo~aphsofthepresentfiringtrialsmaybe quitemisleadingbecause
theimpactswiththegridsanddiaphragmmaybe thecontrollingfactorin
thephenomenawhichsreobsenedinthesetests.me criticalexperiment
willcomewhentheprojectileis launchedintoflightwithoutencountering
anyobstaclesalongitsflightpath.
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Elevenroundsinallwerefiredinthepresentfiringtrials.The
gunfunctionedsatisfactorilyfromround6 on,withthesingleexception
ofround9 inwhicha newdesignofringandsheardiskwastriedthat
failedtogivea cleaubreak.Thepressurewasgraduallyincreaseduntil
a peakof109,OOOpsiwasreached,whichisbelievedtobe closetothe
maximumpressurethatthestrengthofthegunwillallow.Onthelast
roundtheprojectile’smasswasreducedto a mininnnnbymakingtheprojec-
tilemerelythecentralplugshearedoutofthedisk.Thisroundgave
thehighestvelocityofthetest,15,400ft/sec.

Thefiringtrialsdisclosedan importantdifferenceintheoperating
qualityofthelight-gasgunfromconventionalhigh-velocityweapons.
Erosionoftheboreis characteristicofnearlyallhigh-velocityguns.
In fact,somehigh-velocitygunserodesorapidlythattheirusefullife
islimitedto a fewrounds.In contrasttotheconventionalbehavior,
thelight-gasgunerodedverylittle.Itsborewasenlargedby0.0001
inchatthebreechofthelaunchtube,butotherwisethedimensionsof
theboresofthepumpandlaunchtubeswere-unchanged.Itis evident,
of course,thatthelowrateof erosioninthegungreatlyenhancesits
utilityevenasa laboratoryinstrument.

SXIWIXYof Results

Theresultsofthefiringtrialsaresummerizedintable11. A study
oftheexperimentaldatamadeit clearthattheroundsshouldbe divided
intotwocategories,thosetithcle~ shearbreaksandthose~th r-cd

w

shearbreaks.It isfeltthatonlythoseroundswithcleanshearbreaks
aretrulyrepresentativeoftheperformancewhichmaybe expectedofthe

Accordingly,onlythoserounds(2,6,7, 8, 10,and~)
#

light-gasgun.
wereincludedinthefinalanalysisof resultswhichfolluws.

In theover-allpictureofaerodynamictesting,thebasicfunction
ofthegunisto launcha givenprojectileata specifiedvelocity.The
criterionforevaluatingitsperformanceis_thusthecomparisonofmeas-
uredmuzzlevelocitywithpredictedmuzzlevelocityfora varietyof
launchingconditions.Thiscomparisonisattemptedforthelimitedrange
of launchingconditionscoveredinthepresentfiringtrialsby plotting
theratioofthemeasuredvelocitytothepredictedvelocity(basedon
theshear-diskrupturepressure),~usL, againsttheshear-diskrupture
pressure,p2R,infigure23.9 It canbe seenthata ratioof1.1,

‘Itwillbe recalledthattheshesr-diskrupturepressureisdeter-
minedby thethicknessofthesheardiskandthehydrauliccalibration
curveoffigure14. Thepressureatwhichthesheardiskactuallyrup-
turedwasnotmeasured.eOnsequentlY,P2R is a designratherthana
measuredquantity,anditstrueValW maydiffers=~t fr~ t~ v~ue
givenintableII andfigure23. Variationintheactualvalueof pa
frcmthedesignvaluemayaccountforpsrtofthescatterevidentin

.

r
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.

●

indicatedby thedashedline,representsthetestdatafairlywell. Thus
an empiricalfactorof1.1isadequateto accountfortheincreasein
muzzlevelocitydueto chaniberageandthedeparturesoftheactualphysical
situationfromthephysicalmodelassumed.Thereis somescatterabout
the1.1line,butthevariationinmuzzlevelocityisprobablysmall
enoughtobe acceptableforlaunchingfree-flightmodels.

CON!TJJDINGREMARKS

Thefiringtrialshavedemonstratedthatthepistoncompressortype
oflight-gasgunisa workableunit. Operatingtedmlqueshavebeen
developedwhichgivereliableresultswheneverthegunis fired.Good
agreementhasbeenobtainedbetweenthepredictionsof theperformance
chartsandtheexperimentaldataforallquantitieswhichweremeasured.
Theerosionofthebarrelsforthe11 roundsfiredhasbeennegligible,
Itappearssafeto concludethatthegunwillbe suitableforlaunching
modelsathighvelocityin= aerodynamicsrage.

Ontheotherhand,itmaybe appropriateto concludeby mentioning
thatthedevelopmentofthegundescribedinthisreportwascontrolled
inpartby theavailabilityofmaterialsandby a desiretoproducea
simpleunitwhichwouldserveto testthegun~sfunctioning.Compromises
indesignweremadeat somesacrificeinperformanceandsuitabilityas
a launcherforaerodynamicmodels.Ifa newgunweretobe constructed,
itwouldbe desirableto redesign,placingproperaqhasisonthesetwo
factorsofperformanceandsultability ratherthanbuildinga stied
rep~caoftheunitdescribedherein.

Furthermore,it shouldbe mentionedthatcertainpiecesof apparatus
auxiliarytothe~ mustbe developedandputintooperationbeforethe
guncanbe usedto launchfree-flightmodels.Theflightrecordsof the
presentfiringtrialsshowcleerlythatthewiregridsmustbe replacedby
somesensingdevicesuchas a photoscreenwhichdoesnotinterferewiththe
model1sflight.Inthessmecategory,sanemechsmismmustbe introduced
toremovethediaphr~ at theexitportof thevacuumtankjustpriorto
thepasssgeoftheprojectilethroughthisport. Itmayalsobe desirable
to takea sparkphotographoftheprojectilebeforeitleavesthevacuum
systeminorderto establishitsstructuralintegrityjustbeforeit starts
itsflightthroughtheair,andalsoto separatethesabotfrcmthemodel
intheintervalbetweenthe@nis muzzlesndtheexitfrcmthevacuumsys-
tem. However,thedevelopmentof thisauxiliaryequipnent,importantas
it is,liesbeyondthescopeoftheworkreportedherein.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,JulyXl,1955
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AXTEWDIXA *

EFFECTSOFAIRRESISTANCEANDBOREFRICTION .

Thedesirabilityof evacuatingthelaunchtubecsabe illustratedby
estimatingtheeffectoftheairresistanceonthemuzzlevelocityofa
typicallight-weightround.Theexamplechosenis 8 projectileweighing
0.15gramandfiredat a rupturepressureof 50,000psi(thisisthesme
examplewhichisillustratedinAppendix“B,“Modificationsto thePer-
formanceCharts”).Calculationsbasedonthemethodof characteristics
showthatthisroundwillhavea muzzlevelocityof 17,000ft/secifthe
boreis evacuated.Ontheotherhand,iftheboreis fillledwithair
at ordinaryroomconditions,thebackpresstielwilljustbalancethe
drivingpressureata velocityof12,000ft/secandhence,themuzzle
velocitywillbe lessthanthisvalue.Consequently,theairresistance
willreducethemuzzlevelocityofthisroundby 30percentormore. ._

It shouldalsobe notedthat,ingeneral,theimportanceofthebore
frictionisdeterminedby thelengthofthegun. Ifthelengthis
increasedsufficiently,theborefrictionwilleventuallybalancethe
acceleratingforceofthepropellanteventhoughtheguntubeis evacuated.
Thebalancepointwillbe determinedby thevalueofthefriction,ad the
smallerthefrictionthelongertheleggthofgunbeforethebalancepoint .
isreached.Althoughitisthoughtthattie-length-ofthegunis far
frcmthisbalancepoint,testswillhavetobe csrriedoutbeforeit is
firmlyestablishedthattheborefrictionc=, in fact,be neglected.

*

%’hebackpressurecanbeestimatedfrmthe formula

P = 1.~2(u/a)2

where p isthebackpressureinatmospheres,u isthevelocityofthe
projectile,and a isthevelocityofsoundintheundisturbedair. This
formulaisaccurateto2 percentfor u/a greaterthsm5. A general
equationforveryhighvaluesof u/a is

P
()

y(y+l) U2.=— .
P. 2 a

where p. isthepressureintheborebeforefiring.
r-
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APPENDIXB

MODIFICATIONSTOPERFORMANCECHARTS

EffectofChembersgeonLaunchingCycle

Themuzzlevelocity,u~~,mustbe correctedfortheeffectsof chsm-
beragebecausetheanalysis~sbasedona bore-diameter,infinite-length
chsmber;whereas,thegunactsas if ithadan infinite-area,infinite-
volumechsmber.Thereductioninareaingoingfrcmthechamberto the
gunbore(i.e.,thechsmberage)generatescompressionwaves,andthese
wavesactto increasethepressureoverthatof thesimple,constant-area
expansionwaveassumedintheanalysis.In otherwords,theactualpres-
sureat thebaseoftheprojectilewillbe higherforeachvalueofthe
projectile’svelocitythanthepressurepredictedbyequations(2)or (~).

Theflowofgasinan infinite-area,infinite-volumeguncanbe
analyzedby themethodof characteristics.Oneexamplewasworkedout
by themethodof characteristicsanddidincludetheeffectsof
chaniberage.Thepumptube pressurewastakenas ~,000psiandwas
assumedtobe heldconst~tduringthelaunchingcycle.Thespeedof
soundintheheliuminthepumptubewasassum&tobe 10jOOOft/sec.
Themassoftheprojectilewastakentobe O.1~grin.

Theresultsareshowninfigures24 and25,whichgivethevelocity
oftheprojectileandthepressureat itsbaseas functionsofthetist~ce
traveledalongthebore. Theseveredecreaseinbasepressurewithdis-
tanceseeninfigure25 emphasizesthecritical”roleplayedby thekinetic
energyofthepropellantgas. It isof interesttonotethatthemuzzle
velocityobtainedby themethodof characteristicsforthisexsmple,
17,000ft/see,agreeswellwiththemuzzlevelocitypredictedby theapprox-
imateformulaewhicharetobe developedshortly;namely,17,4CX)ft/sec.

An approximatemethodforcomputingtheeffectsof chaderagewas
devised,whichisbelievedtobe sufficientlyaccuratefortheengineer-
ingestimatesrequiredhere(basedontheresultsof experimentscarried
outat theNavalOrdnanceLaboratory).Theessenceoftheapproximation
is containedinthegeneralizationof equation(7) fortherelation
betweenEs and5s. Thecompleteexcursionof Es is Mtided into two

regions,thefirstextendingfromO to (y- 1)/2andthesecondfrom.
(7-1)/2t04(7+l)/2.1 tir&@o~~, ~s+fis is assuredto increase

%cperiencesuggeststhatthejunctureshoulddependon 7, andit
-1wasestimatedthata 3unctu.reat Cs = ~
2 ()

= A wouldrepresentthe
3

characteristicdata.A checkwasmadewithonecharacteristicsolution
andtheestimatedvalueof & wasborneoutby a satisf’acto~fit
to thedata.

—
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linearlywith ii~,thatis,

Inregion2,6= + ~ isassumedtohavetheconstantvalueequalto
4(7 + 1)/2,thatis,

r7+13s+iis=—
2

At thispointitshouldbe notedthatthemaximumvalueof
beenincreasedfroml tod(y + 1)/2. Thephysicalsignificance

(B2)

iis has
ofthis

increaseis connectedwiththechangeintheaccelerationoftheflowto
sonicvelocityproducedontheonehandby a constant-sreaexpansionwave
andontheotherhandby a variable-areasteadyflow. Theseinemaximum
value(d_2) isobtainediftheflowinthelaunchtubeisassumed
to consistof (1)a steady-stateflowgoingfromthechsmberintothe

.

entranceofthetubeat sonicvelocityand(2)anexpansionwavefrcmthe
sonicflowat theentrancetothebaseoftheprojectile.It seemsclear .
thattheflowwi~ approachthismodelasa lhdt at infinitetime.

Returningto a considerationofequation(Bl),onecanimmediately
placelimitsonthevaluesof 5s attheboundariesofregion1. The
qu~tity 6s muststart withthevalueofunity(at iis= O),sincethe
pressureatthebaseoftheprojectileisequaltothepressureinthe
pumptubeat thestsmtofthelaunchingcycle;at the & = (7- 1)/2
boundsz’y5s musthavethevalue givenby equation(B2)forthestartof

—

region2, sincethepressuremustbe conttiuousfrOMoneregiOntothe
next. Theselimitsprescribethevaluesoftheconstantsinequation(Bl),
whichbecomes,afterthelimitshavebeenimposed

for 0<

The
relation
stituted

(B3)
●

accelerationoftheprojectileisgivenby equation(11),sndthe
betweenEs and5s by equatim(8). If eqwtion (B3) iS s~b- ●

intoequation(8) for region 1, eq=tion (m) iS substituted~to
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equation(8)forregion2, andequation(n) is integratedusingequa-
tion(8),thefollowingformulaesreobtainedforthevelocity- travel
historyoftheprojectile:

Forregion1: ()~fi~~(7-1)/2

(p-12)*
L Jo

where

‘=’-[2N=WII

1
iia

7-1

(B4)

(B5)

2

where(~)fi=(7-L)/z= valueof E at ES = (7- 1)/2fromregion1.

Comparisonofthetwocurvesinfigure26showstheincreaseinveloc-
itydueto chamberage.2 A graphoftheincrease,representedby thequan-
tity(fis=- fissc)/&sc,iS shm infi~e 27. Forthepresentgunmost
ofthefiringsarecoveredby a rangein E fram0.2to4.0,anditcanbe

2~ thenotationoffigures26and27,thesubscriptac (i.e.,
avecchsmbrage) denotestheinfinite-srea,infinite-volumechsxber,and
thesubscriptsc (i.e.,sarischambrage)denotesthebore-area,infinite-
lengthchamber.
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seenthatthevelocityincreasechangesbutlittleoverthis interval. .
Consequently,theactualmuzzlevelocitycanbe ccmputedfrcmthechart
velocityoff@ure 10bymultiplyingthechartvelocity,USL,by a constant
factor,aswassuggestedbytheballisticiansoftheNOL. However,it

4

wouldbemisleadingtodeterminethisfactorasaccuratelyasfigure27
mightindicate.Thetheorygivesa valueforthisfactorof1.2,butthe
experimentaldatashowthatthisvalueistoohigh,whichmaybe theaccu-
mulatedresultoferrorsinthevariousassumptionsonwhichtheanalysis
isbased.Theresultsofthepresentfiringtrialsclusterabouta value
of1.1fortheratioofmeasuredvelocitytopredictedvelocity(see
fig.23),anditisbelievedthatthisfigurerepresentsthebestvalueto
takeatthepresenttimeto obtaintheincreaseinmuzzlevelocityabove
thetheoreticalvaluepredictedforthegunwiththebore-area,imfinite-
lengthchamber.

—

Themodificationtotheuseoftheperformancechartswhichaccounts
forthechsmbersgemaybe summarizedinthefollowingruleofthumb:

Take u~L as 0.9timesthedesiredmuzzlevelocitytoenterfigure10.

It shouldbe notedthatthemuzzlevelocitydependscriticallyon the
pressureatwhichthesheardiskbreaks.Infact,theshear-diskbresk
pressurecontrolsalmostcompletelytheaccelerationoftheprojectiledur-
ingthefirstpartof itsmotion,sincechangesinpressureinthepump
tubeaftertheruptureofthesheardiskaresoslowcomparedtothetime “
scaleoftheprojectile’smotionthattheyhavelittleeffectonthepro-
jectilesvelocity.Now,thepressureatrupturemayvarysomewhatfrom
roundtoroundsincethestrengthofthesheardiskmayvsrydueto inho- .
mogeneitiesinthematerial,manufacturingtolerances,andsoforth.Also,
thecentralplugmaynotbreakoutoftheshesrdiskcleanlyon&Jlrounds
withtheresultthatextramassmaybe addedtotheprojectileandrsgged
edgesintheholeinthediskmaypartiallyobstructtheflowofhelium
intothelaunchtube.Thesefactorstilldiminishthemuzzlevelocity.
However,experiencewiththeguntodateindicatesthatthemuzzleveloc-
itynearlyalwaysliesbetweenus and1.2x U8L. Thisvariationinmuz-

-.
L

zlevelocityisordinarilytolerablewhenthegunisusedtolaunchmcdels
ina free-flight,aerodynamicsrsnge.

EffectofPumpPressureOverride

Theperformancechartsarebasedontheassumptionthatthehelium
startsflowingIntothelaunchtubeat sonic.velocityimmediately.Actu-
ally,theflowvelocityiszeroto startwithandincreasestowardsonic
velocityasa limit.Consequently,theheliumdoesnotleavethepump
tubeasfastasassumedandthepressureincreasesbeyondoroverridesthe
designvalue,as indicatedinthefollowingsketch:
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Pressureoverride

A
-Actual ~ritiion of p

p “1/4----f---vA
X2 X3

x

Sketch(j)

pressureoverridewasfirstdiscoveredwhentheflowofheliumin
tubeduringthepumpingandlaunchingcycleswasstudiedforone
caseby themethodof characteristics.Theexamplechosenhad

The
thelymnp
specific
thefollowingloadingconditions:ms . 0.15grsm;

T
= 171@ares; —

P1 = 6,850psi;PI = 248psi;pa = 50,0(xIpsi= rupurepressureofthe
sheardisk(~ andP2 arethesameasfortheexamplepresentedinthe
previoussection).Theheliumpressureandthevelocityof thepumppiston
aregraphedforthiscaseas functionsof thedistancemovedby thepump
pistoninfigures28and29. Figure28showsthatthepressurerises
beyondtherupturepressureof 50,000psito a peakof 73,000psi. Conse-
quently,theoverrideamountsto23,000psi,ornearly50percentinthis
case.T!hemagnitudeof thisoverrideisrepresentativeofthepressure
historywhichwillresultiftheperformancechartsareusedwithout
modification.

It isimportanttodeviatefromthesubjectofthissectionfora
momenttomentiononeresultobtainedfromthisanalysis.ItWaSfound
thatthepressureintheheliumat anygiveninstantof timeduringthe
compressionstrokedidnotvaryappreciablyoverthelengthofthepump
tube. Thisresultplacestheassumptionof isentropiccompressionona
firmbasisandJustifiestheassumptionthattheheliumpressurepriorto
releaseoftheprojectileisa functionsolelyofthepositionof the
pumppiston.

Itmightbe supposedthattheoverrideisnotparticularlydetrimental
totheguntsperformance,sincetheaccelerationoftheprojectileis
related,ofcourse,to thepressureinthepumptubeduringthelaunching

—

-.
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cycle. However,twoeffectsenterintothisrelationbetweenpumppres- s
sureandprojectileaccelerationwhichrendertheoverridelargelyinef-
fectiveinincreasingtheacceleration.Botheffectsstemfromtherapid

.

riseintheprojectile~svelocitycomparedtotherateofpressureincrease .
inthepumptube.Thefirsteffect,thetimerequiredfora pressure“’

..

increaseinthepumptubeto reachthebaseoftheprojectile,is i13.us- —

tratedinthefollowingsketchtakenfromthecharacteristicdiagrsm.

t

I

I
m 1

t. 1

i

t’ “ I
1

z L

Sketch(k)

Pressureimpulsescomingfromthepumptubearetransmittedalongthe
so-calledP wavesoftheflow,and,referringtothesketch,onesees
thatan impulsestartingat t! reachesthebaseoftheprojectileat a
latertime tft. Consequently,onlypartofthepressurerisetaking
placeinanyintervaloftimeafterthereleaseoftheprojectileacts%0 “’
acceleratetheprojectile.Thetransmissiontimesteadilyincreasesas”
theprojectilemovesoutalongthebore,and;infact,thereisa time
ttf’ beyondwhichno furtherpressurechangesinthepumptubewillreach
theprojectilebeforeitleavesthemuzzle._

-.

Thesecondeffectisthereductioninthemagnitudeof anincrement
inpressurethattakesplaceas ittraversestheflowfromthenearlystill
heliuminthepumptubetotherapidlymovingheliumtijacenttothepro-

---

jectiletsbase. Referringtotheabovesket@,onerecallsthatthechar-
acteristicquantity(S+ 5) istrsmsmittedurichangedalongP waves,
thatis .- -.

(B6)

wherethe‘subscriptT denotesquantitiesinthepumptube.As thepres-
sureinthepumptubeischangedthequantity6T willchange~.ad~if %-

theeffectsof chemberageareignored(forwe s.ake:ofsimplicity),the
correspondingchmge inthevslueof 5s whenthewavereachesthe L
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pro~ectileTsbase,tillbe thessmeas thechangein dT,sincethep~-
. jectilersvelocitydoesnotvaryintheinstantthatthewavestrikesthe

base. Thisequsl~ty
writtenasfollows:.

.

.

Sinceallchangesin

isevident-oninspectionofequation(B6)andmaybe

AZ== A5T

theflowareassumed
relatedeverywhereby anequationsimilar

(B7)

tobe isentropic,@ and6 are
toequation(8);namely,

(B8)

Ifthevariationinpressure is consideredto consistofa successionof
smallincrementsA~~thecorrespondingincrementin?f
differentialof equation(B8) as follows:

Theincrementinpressureat
incrementinpressureinthe

thebaseof theprojectile
pumptubeisdeterminedby

isgivenby the

(B9)

causedby an
substituting

equation(B9) ineq~tiori(B7),multiplyingby ppo“P (pO istheref-
erencepressureonwhichsllisentropiccalculationsarebased),and
collectingterms,therebyobtaining

B-1

APS=

Theexponent(~- 1)/p has

()Ps P

~ APT (B1O)

thevslue4/5forhelium,andconsequently
theincrementinpressure”isreducedveryne”~lyinproportionto thepres-
sureitself,as canbe seenfromequation(B1O).As a result,thosepres-
sureincreaseswhichreachtheprojectileafterithasacceleratedtoan
appreciablevelocityaresubstantiallyreducedfromtheiroriginalvalue.
Theyslsoactfora shortertimeandthesetwofactorsmakethemverymuch
lesseffectivethsmtheywouldhavebeeniftheyhadactedfromthestart
of themotion.

Thelossineffectivenessof theoverridemaybe illustratedby fol-
lo~ a pressureincreasefromthepumptubetothebaseofthepro~ec-
tile. Thesamecasethatwastreatedin theprecedingsection

.
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(& 24 ~d 25)= 0.15grwn,p = 50,000psi)willbe t~en astheexsmplehere(see *
. Considerfirsta pressurepulsethatreachesthepro- - ,:

jectile&)microsecondsafterrelease,whichisthetimerequiredforthe
.

pressureinthePW tubeto risefrom50,000psito 60,000psi. At this
.

timetheprojectilehasmoved5 inches,its-velocityis9,000ft/see,and
thepressureat itsbaseis19,00C”psi.Ifthepulsestartedwitha mag-
nitudeof100psi,itwillhavea magnitudeofonly40psias itreaches
theprojectile.Considernextthelastpressurepulsethatcm actonthe

.

projectile,theonethatreachesitrightatthemuzzle.Heretheveloc-
ityis17,000ft/secandthepressureis3,500psi. Ifthepulsewasagain

.

100psito startwith,itwillbe only10psias itreachesthepro~ecti.le.

Theforegoingdiscussionmakesitclearthatthepressureoverride
decreasesthemaximummuzzlevelocitythatcanbeobtainedfora fixedmsx-
imumallowablepressure?.Of course,someoverrideisnecessaryto insure
ruptureofthesheardiskandtoholdthepumppressureator abovethe
designvalueduringthefirstpartof thelaunchingcycle.However,the
rupturepressureshouldbe closeto thepe~ pressureforoptimumperfo-im-

—

antewithin.agivenpressurelimit.
.—-

Undoubtedlythefinslsolutiontotheoverrideproblemwillbe found
ina revisionoftheanalysisto accuuntcorrectlyfortheflowofhelium
outofthepumptube.However,aninterimsolutionhasbeenfoundina
modificationto theuseoftheperformance&artswhich,inpractice,gives
the
the

12,
ure

desiredresults.Therevisedproceduretobe followedintheuseof
chartsisthis:

*

Thedesignvalueofpressure,pa,used inthechartsoffiguresI.1,
and13 istheshear-diskbreakpressurep= fromthechartoffig-
10reducedby 10,OOC)psi. Statingthewe asa formulaoneobtains .—.

Pa = Pa - 10,000psi (Bll)

Theeffectofthismodificationistoreducetheoverrideto around
10,000psiforprojectilesweighingabout0.30grsmandshesr-diskbreak
pressuresrunningaround50,000psi. Thereasonsforthereductionin
overrideareclearifoneexploresthechangesinthepumpingcyclebrought ——

aboutby thenewloadingconditions.Theinitialheliumpresswe,”the--pow-
dercharge,andthemassofthepumppistonareallreduced,ascanbe seen
fromfigures11,12,and13. Thevelocityofthepumppistonat station2
isalsoreduced,asmaybe determinedfromcalculationsbasedonequa-
tions(41)and(43)andthepowderchargecalibrationoffigure9 (e.g.,
‘f ‘P~ iscomputedforthecasetreatedintheprecedingsection,its
valueisreducedfrmn800ft/secto700ft/see).Consequently,at the
startofthelaunchingcyclethepumppistonislighterandistraveling
slowerthancalledforby theanalysis.(Theheliumisalsoa little .
hotter,sincethecompressionratioisgreater.)As a result,thevolume
ofthepumptubeisnotreducedasrapidlyat thetimethatthepumppiston .
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reachesstation2 as itwouldbewiththeunmodifiedloadingconditions,
andthepressureoverrideisreducedproportionally.

A secondaryeffectof themodificationinloadingconditionsisto
reducethetimeduringwhichthepressureisheldabovetherupturevslue.
Thepumppressureprobablyfsllsbelowtheshear-diskbreskpressurein
thelatterpartof thelaunchingcycle.On theotherhand,a lossinpump
pressuretowardthelastofthelaunchingcycleprobablyhaslittleeffect
on themuzzlevelocityfortheverysamereasonsthatthepressureoverride
is ineffective.As sketch(k)illustrates,anychangeinPUIQPpressure
sftertime trf’ csnnotreachtheprojectilebeforeitleavesthemuzzle.

It iswellto concludethissectionon thepressureoverridetitha
noteof caution.Therulegivenby equation(Bll)isa purelyempirical
oneandthevalueof10,CX)Opsiisquitearbitrary.It isfairlyfirmfor
projectilemassesandrupturepressurescloseto thevaluesquoted(0.30
gramand50,000psi). On theotherhand,ifthemassesandpressures
differmarkedlyfromthesevslues,theoverridemaywellbecomeexcessive.

Theruleof equation(B1l.)willrequirefurthermodificationinorder
to adaptitto thefullrangeof operatingconditions.At present,great
cautionshouldbe exercisedinoperatingthegunathighpressure.The
heliump~ssum inthecouplingshouldbe measu~doneveryround.The
loadingconditionsshouldbe variedinsmallsteps.Onlyinthiswaywill
itbe possibleto obtainthehighestvelocitiesfromthegunwithinthe-,
limitsofpressuresetby itsstrength.
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COMPUTATIONAL

APPENDIXc

YROCEDUREFORPERFORMANCEOFPISTON-COMPRESSOR

TYPELIGHT-GASGUN

In outliningthecomputationalproceduretobe followedin computing
theperformanceofa light-gasgunofthepiston-compressort~e, it is
consideredthatthedimensionsofthegunandtheLightgastobe used
havebeenchosenandarefixedquantitiesatthestartofthecomputation.
Theinitialconditionsforthecomputationaretheprojectilemass,ms,
andthemuzzlevelocitysUSL. Thestepsofthecomputationaregivenin
sequenceinthefollowingoutline.Itwillbe recalledthatthestates
designated.by thesubsc~ptsO and2 arethesameinthisapplicationof
theanalysis(i.e.,p. =pa).

1. Assumea valuefor a=;(ifheliumis
is10,000ft/see).

2. Computetisand~ from us,a2,and

3* ComputeZ fromthefollowingequation:

used,a

Y-

representativevalue

7 -1
2

+ 7 -1
y+l

4. Compute% fromthefofiowingequation:

.5.Computep= from Z of step3,andcompute
thisstepsad % of step4.

6. COWUte X2 from
y+l
2(7-1)

X2
L)

2=x3+a2tL&~
Ap

●

✌

(cl)

(C2)

(C3)
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7. Ccmpute~ from.

.

7-1

0
xlT

a2=a ~

59

(C4)

8. Iterate,startingwiththevalueof ~ fromstep7 in step1
andrepeatingsteps1 through7 untilthevaluesof ~ frcmsteps1
and7 agreewithinthedesiredaccuracy.Experiencehasshownthat
theprocessisrapidlyconvergentandagreementwithin1 percentis
usuallyobtainedwiththreeorfouriterations.One-percentaccuracy
isprobablyallthatisjustifiedconsideringtheuncertaintiesin
thebasicassumptionsoftheanalysis.

9. Compute& usingthefinalvalueof ~ fromstep8.

10. hnpute E and% fromequations(Cl)aud(C2)using Es from
step9.

11. Cmpute pz using Z frcmstep10. Thevalueof pa
inthisstepistobe usedinW subsequentcalculations.

12. Determinethethicknessofthesheardiskfrom p2 of
FortheAmesgun,therelationbetweenshear-diskthickness

. ture
fig.

13.

14.

15.

pressure(p2 ofstep11)wasdetermined
14).

Computetheinitialheliumpressure,p=,

7

()
P1=P25

compute tL from ; of step 10.

Ccrnputethemassofthepumppiston,mp,
equation,settingP2 = O:

Ap(P2- P2)tL2mp =
2(X2- X&)

by experiment

frcm

obtained

step11.
andrllp-
(see

(C5)

fromthefollowi&

(c6)

. 16. ComputeUP2”fromthefollowingequation,settingP= = O:.
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%, =

17. ComputePI from

~p(P2- p~)tL
mp

2
c(r-l)— —

p,= ~1:::-11}

where c isgivenby

‘=%++?(%71

18. ComputeP= from

‘2=[’+Gr

NflcAm 4143

(C7)

(C9)

.
—

((!8)

.

-.

(Clo)

.

19. Repeatsteps15through18usingthevalueof P2 frcmstep18
andcontinue.theiterationuntilthevaluesof P2 frcmsuccessive
iterationsagreewithinthedesired.accuracy.Usuallythreeorfour
iterationsaresufficienttoobtainagreementwithin1 percent.

20. Computemp,UPL,andpl usingthefinalvalueof Pa from
step19.

21. Thelastpartofthecalculationisto computethepowder
charge,~. A choiceisinvolvedheredependingonwhetherornot
firingshavebeencarriedoutwiththeopen-endedpumptubetocali-
bratethepowder(seethesectionint~s report:“ANKGYS16:Plmlp-
ingCycle”).Ifa powder-calibrationfiringhasnotbeencarried

.

out,thepowderchargemaybe computedfromthefollotingequation:
.
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Pv = RT (Cll)

where RT is calledtheforceconstantofthepowder(atypical
valueis70 longtons/sqin.x cc/~sm- seeChapterThree:“The
ThermochemistryofPropellants”ofref.Is),orthechargemaybe
computedfrommoreexactinteriorballisticmethods(seeref.U.).

22. Ifpowder-calibrationfiringshavebeencarriedout,(a)cc%n-
pute up~ frcmthefollowfngequationusingthevaluesof P1 and
mp from”step20.

wherethefactorC isdefinedby thefollowingequation:

(c12)

(C13)

(b)andusetheresultsofthecalibrationfiringsto obtain~
from Uw of step21(a)and ~ of step20 (foranexsmpleofa
chargechbrationchartseefig.9).

●

—
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lXBLEI.- FIXEDQIEQ’?l?ITIESFOR‘IB13LIGHl?+ASGtlll

Launchtube
Len@h,Left . . . . . . . . . . . . . . . . . . . . . . . . 4.40
Diameter,d~,in.... . . . . . . . . . . . . . . . . . . . 0.229

Punptube
Length,~,ft . . . . . . . . . . . . . . . . . . . . . . . 9.24
Dismeter,dp,in.. . . . . . . . . . . . . . . . . . . . . . 0.786
Pumppistonstop-reverseposition,XS,ft . . . . . . . . . . 0.2

Powderchamber “s.= oa0313°ftsVolumejU. . . . . . . . . . . . . . . ;--- 54.0in.
Valvetube
wngth,~,ft ● . . . , . . . .* . . . . ● . ■ ● ● ● .* . 4.66
Dismeter,dv,in.. . . . . . . . . . . . . . . . . . . . . . 0.822
Ratioofpistonmasses,~/~. . . . . . . . . . . . . . . . 3.15

Ratioof specificheats
Powdergas,I’.. . . . . . . . . . . . . . . . . . . . . . . 1.300
Helium,y. . . . . . . . . . . . . . . . . . . . . . . . . . 1.667

●

.
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TABLE 11.-SUM4!RYOFFIRINQDM!M

iouud ROjectfie
Ho. ‘amign

1 Nylon cykbder
2 Eylon cylinder

3 E@Jn Uylaaar
with O.(X)3in. thids
tram capon fl’olrt

4 Hymn cylinder

5 Mlgeeiom Oyltmmr

6 Won cylindfx and
1/8 in. &km.
75- S-T Epheu?e

7 I@bn cyltider
8 Nylon cylinder

Hylon Cyurd.er
J Nylon CYUmdsr
XL liylwlOylhlar

d % 5 wkkdfle mm

%?a

O.YJ.
.W
.W

.m

.YJ.

.W

:’H
,1$)2
(w.
All

Type or
~k
bme!f

IwEJ

wm~

Reggea

&’dea-
Mal.ted
C.1.een

CIAwl

%&4
U.ac.n

kBi@
premwe,

Pa,
psi

20,m
m,m
30,mo

30,0m

40,m

40,m

;;~

a:ooo
Eo.wo

Rupture
pressom:

P~?
pei

20,000
20,cca
y,wo

y,wo

20,CQ0

X,coo

X,(KIO
60,000
61,m
‘P,OCQ
P,m

Peak
peeeum,

%)
QBi

17,832
I?g,m
3g,ooo

40,0WI

~,ooo

*,MO

54,WI
72,0m

1%$%
84.000

t

X9,bh>= ueL?~
ft”w L%/BeC

0.23 24 8,9
.22 $% 8,9xI
.24 22 10,LXM

.26Flee10,OOO

.I.227 IWO

.25 30 ll,400

11-=7 k 12,37
.04 3 u,
.a 34 13, E
.07 40 U!,370
l-- 8 13,450

. *

m
.-. ..- ---

9J3W 9,7@J 1.IJ
LO,@l 9,7C0 1.06

---- 6,960 ---

9,Cf30 8,4001.01

L!2,0CQU,6!M 1.05

L2,m U,w 1.C2
W,&m U,m 1.d
L2JO0ll,m
W,loo11,600:$
L5,M0M,1OO 1.15

3)iid~ . mtio of rneemred.mzzle velocity to PW2Lcteimizzle velocity
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Rgure 3.- The pump unit.
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Figure 4.- Loading positions of pump and valve pistans.
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Figure 5.-The powder chamber.
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Figure ‘7.- krterior ballistic chart : variation of velocity with distance

for 7 = 5/3 (helium).
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Y= 5/3 (heilum).
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Figure i5.- Typical powder pressure record. A-20116
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(round number 10)..

A-20975

Figure 17.- Pressure records of a typical round
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Figure 20.- Spark photograph of round number 4.
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(a) Experimental set-up before firing. (b)

Figure 21.- Streak photograph of round number 6:

A-XM’11

Streak photograph of projectile in flight.

view from camera B. (Figure 16).
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24.- Projectile velocity versus travel from method of

characteristics, 02 = 103000 ft/sec , p2 = 50,000 psi,
.

m~ = 0.15 gram, 7 = 5/3.
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25.- Projectile base pressureversus travel from method

characteristics, 02 = 10,000 ft/see, P2 = 50,000 psi,

= 0.15 gram , 7 = 5/3.
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Figure 26.- Variation in veiocity with distance for two conditions of chamberoge.
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method of chamcteristics, y = 5/3,
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